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PREFACE. 


The student is expected to use tliis book after he has 
studied each section of the subject in his text-book. He 
should first make a serious attempt to solve each question 
for himself before reiiding the solution here given, then study 
the solution, and finally work through the exercises at the 
end of the chapter. 

Incidentally it may be mentioned that in the worked 
examples a fuller and more explanatory style is often used 
than it is necessary for the student to adopt either in his 
exercises or in the examination, for in a book of this kind 
fullness of explanation is always an error on the right side 
if an error at all. 

K. W. HUTCHINSON. 

Awjtuil, 1924. 


EXA*MTNATIONS. 

Candidates for the Matriculation Examination and exami- 
nations of a similar standard should study Chapters L-lX., 
omitting some of the more difficult worked examples and 
exercises if necessary. Inter. B.Sc. candidates should study 
thoroughly Chapters I.-X. and the simpler portions of 
Cliapter XL, whilst B.Sc. sandidates will require the whole 
of Chapters I.-XI. Engineering students should work 
steadily through th6 whole book : they will be all the better 
for the extra “ theory ” they will encounter in their reading. 
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WOilKED PROBLEMS IN 
ArojHE AT* -engines: 

--CHAPTER I. 

THEEMOirteTRY. 

Important Note. — In studying any formula the following 
plan should be adopted: — (1) Thoroughly master the 
method by which the relation is obtained (this is abso- 
lutely essential). (2) Note carefully the conditions under 
which the formula is applicable. (3) If the formula is 
fundamental, learn it. In all cases, however, the method of 
work is of more importance than the formulated result. . 

Conversion of Thermometer 8c9.1es. — It is often neces- 
sary to convert temperatures expressed on one scale into the 
corresponding temperatures on one of the other scales. In 
doing so there are two things to be noticed : (1) Since the 
interval of temperature between the freezing and boiling 
points is constant, it follows that 180 Fahrenheit degrees = 
100 Centigrade degrees = 80 Reaumur degrees. (2) The 
zero of the Fahrenheit scale is 32 degrees below freezing 
point — i.e. 40° F. indicates a ten^erature 8 degrees F. above 
freezing point. If, therefore, F, C, and E denote correspond- 
ing readings on the Fahrenheit, Centigrade, and Reaumur 
scales respectively, we have that (F — 32), C and R denote, 
in each case, the number of degrees the given temperature 
is above freezing point. Qence, from (1) above — 

(F - 32) : C : R : : 180 : 100 ; 80. 

That is— (F-32):C:R:: 9: 6:4. 

. (F - 32) _ C __ R 

9 5 4* 

Clearly a degree Fahrenheit is | of a degree Centigrade, and 
a degree Centigrade is | of a degree Reaumur. 



CHAPTER II. 


EXPANSION OF SOLIDS. 

Approximations. — Tlio following brief notes on small 
quantities and “ approximations ” will be of service in 
dealing with problems on expansion. 

(1) The 6(iuare or cube (or higher power) of any small 
quantity is very small indeed in comparison with that 
small quantity: thus ( 0002)" = •00000004, and (•0002)’ = 
•000Q00000008, the products in each case being very small 
indeed in comparison with *0002. 

(2) Similarly, the product of any two very small quantities 
is very small indeed in comparison with either of those quan- 
tities : this is readily seen in the example, *00002 x *00003 
= -0000000006. 

(3) It is evident, therefore, that if two quantities x and y 
are themselves very small in comparison with a third quantity 
A, then x\ y^ and xy will be negligibly small compared 
with the same quantity A. 

(4) Now suppose a and b to he small quantities compared 
with unity, then : — 

(1 + n)2 = 1 + 2a -f = 1 + 2a 
(1 — «)' = 1 — 2a -f = 1 — 2« 
for a* is negligible by (1) above. Sfmilarly : — 

(1 + a)^ = 1 -h 3a -b 3a- + a® = 1 + 3a 
(1 — a)^ = 1 — 3a + 3a- — a^ = 1 — 3a. 

Also : — 

(1 "I" a) (l-b*b) = l + a-|- 6-ba6 = l-4*a-|-ft, 
fl — a)(l — 6) = 1— a— 6 + a5=l — a — b. 



EXPANSION OP SOLIDS. 

since the product ah is negligible. Further : — 

— = a + — a^ + etc. = 1 — a 

1 + a 

— ?■ — = l + rt + a^ + a^ + etc. = 1 + «• 

• 1 — a 

Finally : 

= l + — h — a& + etc. = 1 + a — ft, 

1+ b 

and similarly : — J = 1 — a + ft- 


Limiting Value of a Ratio. — (1) Consider the ratio 
- . Now if a is a constant quantity, the fraction — can be 

X ^ X 

made as small as we please by sufficiently increasing x : thus 
if a =6, then for «=! wehavea/aj=6/l=6 ; for a? =1,000,000 
we have ajx = 6/1,000,000 = *000006 and so on. Hence if x 
be made large enough we can redupe the value of ajx to a 
quantity less than any assignable quantity. This is ex- 
pressed by saying that the limiting value, or the limit of — is 

m ® 

zero when x is infinitely great. Similarly, the smaller x is, the 
greater — becomes, and the limit of — is infinite when x is zero. 

X X 


(2) Now take the ratio and consider what will be 

X • 

the limit of this ratio when a? = 0. If we substitute aj = 0 
directly, the fraction reduces to 0/0, which may mean any- 
thing ; but the ratio is evidently equal to oa; + 6, and, when 

aaj^ -f* hx 

aj = 0, this becomes h; i.^ 6 is the limiting value of — ~ — 

X 

when a; = 0. Thus, although both numerator and denominator 
reduce to zero for a; = 0, the ratio has a definite limiting value, 
h,for this value of x. 


Formulae for Calculations on Expansion of Solids. — 

The calculations considered will only be those which involve 
the mean coefficients of expansion. 
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EXPANSION OP SOLIDS. 


It sliOTild be noticed that, in defining the mean coefficient of 
expansion we have to consider the ratio of the mean expan- 
sion, per degree rise of temperature, to the original 
length or area or volume, as the case may be, at 0° C. 
Thus, if the length of a rod be L^ at C., and at a 
higher temperature C., the mean expansion per degree* is 


and the mean coefficient of linear expansion {1) be- 

ty — t 

tween and is given by Z = where ho is the 

(Z, — t) 


length at 0^ C. 

If ho be the length of a body at 0° C. and L< its length at 
C., and if I bo the coefficient of linear expansion : — 


L, = T,, (1 + ZO (1) 


It is useful to have a relation between L#, the length of a 
body at C., and L,p its length at C. This is established 
as follows : — 

(1 + 1 4 - Uy 

J., 1^(1 +/Z) 1+ZZ 

1 4* ZZ, 


'I ' 1 4- zz 


( 2 ) 


If Z is very small and the difference between the two tein- 
IHiratures Z, and t is not too large, (2) may be expressed 
approximately thus : — 

= Lj (1 ZZj — It) 

L,^ = L, {14-Z(Z,~Z)} (3) 


This approximate expression (3) may often be used with 
problems on solids, and sometimes with problems on liquids, 

but with gases the expansions are too great to admit of 
its use in problems or experiments. 


For convenience, the corresponding expressions for surface and 
volume expansion are given below : — 

Sr =Soil+8t) (4) Vr = v„ (1 + Ct) (7) 



Sri = Sr{l t)} ... (6) Vr^ = Vr{l +c{t,- 0}... (9) 

where s = coefficient of surface expansion, and c = coefficient of volume 
expansion (s = 2Z and c = 3Z approx.). 
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Notice that if, for example, 000017 is the coefficient of 
linear expansion of copper, then 1 cm. of copper at 0° C. 
increases by 000017 cm. when raised to 1° C., 1 ft. increases 
by *000017 ft., 1 yard by *000017 yard, and so on. 

A coefficient per degree Fahrenheit is five-ninths of the 
coefficient per degree Centigrade. 

Many problems can be worked from first principles quite 
readily instead of by formula: this method is often pre- 
ferable. 


' Worked Examples. — ( 1) The length of an iron rod at 0° C. 
is 100 cm. Find its length at 10° C., the mean coefficient of 
linear expansion of iron being *000012. 

1 cm. jncreases by *000012 cm. for 1° C. rise, 

.*. 1 cm. „ „ *000012 X 10 cm. for 10° C. rise, 

.*. 100 cm. „ „ *00001 2 X 10 X 100 cm. for 10° C. rise. 

.*. total length = 100 + ( 000012 X 10 X 100), 
i.e. Lj, = 100 + *012 = 100*012 cm 

or by formula : — 

L, = L. (1 -f. It) • 

.*. Li, = 100 (1 -f *000012 X 10) 

, r= 100 012 cm. 


(2) The volume of a piece of glass at 100® 0. is 100*258 c.c., 
and its volume at 0° G. is 100 c.c. Find the mean coefficient 
of cubical expansion of glass between 0° G. and 100° 0., and 
thence deduce approximately the mean coefficient of linear 
expansion between the same limits of temperature. 

V, = Vo(l+c0. 

Here then — 

e = 100'258 — 100 _ ;25 8 _ .ooo0268. 


100 X 100 


10000 


When I is small, c = 3Z or ? = c/3. Hence, the mean 
coefficient of linear expansion is *0000258/3 = *0000086. 

(3) The length of a copper rod at 10° C. is 200*034 cm. Find 
its length at 100° 0., the mean coefficient of linear expansion 
of copper being *000017. 
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Applying formula (3) we have — 

= 200 034 [1 + (90 x *000017)] cm. 
= 200 034 (1*00163) cm. 

= 200*34 cm. 


(4) A brass rod is found to measure 100 019 cm. at 10^ 0., 
and 100*19 cm. at 100° G. Find the mean coefficient of linear 
expansion of brass between 10° C. and 100° G. 


i.e. 


Luk) =1^10 (1+900. 


7 _ T^,u, “ T^.o ^ 10019 - 100 019 
L,, X 90 100*019 X 90 


0*171 

100 019 X 90 


*0000189. 


The above is the approximation. If wc work tlie question by the 
accurate formula, wo sliall find Uie approximation is a very close one. 


(6) A steel mef re scale measures 100*0165 cm. at 16° G. ; at 
what temperature does it measure exactly one metre? The 
mean coefficient of linear expansion of steel is *000011. 


Employing formula (3), lot t denote the required tempera* 
ture. Then — 

L„=L, [!+;(<,_<)] 

100 0165 = 100 [1 + 000011 (15 - <)] 

100 0165 = 100 + 0011 (15 - t). 


• 1 1 I — ’0165 1 K 

t = 0. 


That is, the scale is correct at 0° C. 


(6) A glass rod is 1 metre lony at 0° 0. ; find its length at 
— 10° 0., the mean coefficient of linear expansion of glassbeing 
•0000086. 

The mean coefficient of expansion k also the mean co- 
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efficient of contraction, but if we retain the sign of t in the 
formula — 

Jjt = Ii„ (1 4“ ^0 

it is applicable to all cases of expansion or contraction. 

Thus— = Lo [1 + Z (- 10)] 

= L. (1 - 100. 

.*. = 1 [1 - 10 (-0000086)] 

= 1 [1 - -000086] • 

= *999914 metre 
= 99 9914 cm. 

(7) Find the increase in the capacity of a cylindrical steam 
engine boiler whichf at 0° C7., is 5 metres long and 3 metres 
diameter, when heated from 10° 0. to 100° 0., the linear co- 
efficient of iron being *0000123. 

Note that if a hollow vessel be heated the increase in 
volume is found in the same way as if the whole of the 
interior were composed of the same material as the vessel : a 
little consideration will convince the student of the truth of 
tliis. 

Coefficient of volume expansion of iron = *0000123 x 3 

= *0000369 

Volume of boiler at 0° = area of end x length 

= TT (1*5>2 X 6 = ll*257r c.m. 

Volume of boileB at 10° = ll*257r (1 + *0000369 x 10) c.m. 
Volume of boiler at 100° = ll*257r (1 + *0000369 x 100) c.m. 

.*. Increase in volume = V,oo — V^^ 

= ll*257r X1'00369 - 1*000369) c.m. 
= (ll*267r X *003321) c.m. 

= *1174 c.m. 

Changfe of Density with Temperature. — If M denote 
the- mass of a body in grammes say, V its volume in c.cin., 
and d its density in grms. per c.cm., then clearly M = Yd, 
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Now when a body is heated it, in general, expands, and 
since its mass remains constant, its density evidently de- 
creases. If Vo be its volume at 0° C., Yt its volume at C., 
then — 


i.e. 


M = Yodo M = YA 
YA = YA, 

dt _Y, _ ^ J 

d, Y, YAl+cf) l + it 


( 10 ) 


This is true, as it stands, for solids, liquids, and gases ; but 
for solids and some liquids we may have, when t is small 
enough, an approximate formula, giving — 


™ 


Also corresponding to formula (3), above, we have 

_ V„ 

X V, 


: 1 +-5^! = [1 + c(t. - 0]. 

V„ (1 +, c/) i + ci 


d, 


” [1 + ih — OJ 


.( 12 ) 


Worked Examples. — (8) The density of a piece of glass at 
10*^ G. is 2'6, and at 60° C. it is 2*5966. Find the mean co^ 
efficient of cubical expansion of glass between 10° 0. and 60° C. 

= [! + «(<,-<)]. 

i.e. c = —I - = -000026. 

oU 


(9) The density of mercury at 0^ C. is 13*596. Find its 
density at 100° C., the mean coefficient of cubical expansion of 
mercury between 0° C. and 100° C. being *000181. 


From— 
we have : — 


d,= 


1 -p ctf 

13*596 


‘^'i?’~roi8r 


13-354. 
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(10) Find the weight of a cubic centimetre of mercury at 
10° 0., having given that^ one cubic centimetre of mercury 
weighs, at 0° O'., 13*596 grams, and that its mean coefficient of 
expansion is *000181. 

Weight is proportional to mass, and, since M = Vei, mass 
is proportional to density when the volume is constant. 
Hence, if wt and wo denote the weights of a given volume at 
C. and 0° C., we have — 

1^, _ _ 1 • 

Wo 1 “H 

= 1 — ct, or Wf = (1 — ct). 

Wq 

Hence, -w, = 13*596 [1 - (10 X *000181)] 

= 13*596 - 13*596 ( 00181) 

= 13*571 grams. 

Exercises ZZ. 

v^(l) A brass and a steel rod are one metre long at 10® 0. ; find the 
difference in their lengths at 60® C. ‘ 

(2) A platinum wire is found to be 0*013 cm. longer at 60® 0. than 
at 40’’ C. Find the length of the wire at 0® C. 

•^fS) The volume of a mass of lead at 50° C. is 50 o.cm., and at 80° C. 
its volume is found to be 50*126 c.om. Show that the mean coefficient 
of cubical expansion of lead between 50® C. and 80° C. is approxi- 
mately 0*000084. 

.^^(4) A silver rod, one inch in diameter at 0° C., just fits into a copper 
tube at 100° C. At what temperature will it fit into a glass tube of 
the same diameter as the copper tube at 0® C ? 

n/ (5) A rod of zinc is 60 cm. long at 10° C. At what temperature will 
it be 60*2 cm. long? 

A steel scale gives correct measiiroments at 62^ F. What length 
will a rod 1 metre long at 10®, G. appear to be when measured with this 
scale ? 

i/(7) A glass rod of volume V at 0® O. exactly fills a hollow brass 
cylinder at 10® C. Find the volume of the space between the rod and 
tne cylinder at 50* C. 

(8) Two metal rods have the same length, one metre, at 100° G. ; but 
at 80° G. the difference between their lengths is 0*02 cm. If the mean 
coefficient of linear expansion of the less expansible rod be *0*000015, 
find the corresponding coefficient for the other rod, and the length of 
each rod at (f G. 
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(9) Find the mean coefficient of linear expansion of iron on the 
Fahrenheit scale, the initial length being referred to zero on the same 
scale. 

V(10) The volume of a given mass of lead at - 30' C. is represented by 
V. If c denote the mean coefficient of cubical contraction between 
O'* C. and - 30* C. , and c' the mean coefficient of cubical expansion 
between O'* C. and 100'* 0., find the volume of the lead at 100“ 0., h-nd 
express the mean coefficient of cubical expansion of lead between 

- 30° C. and 100"^ (J. in terms of c and c'. 

(11) Compare the density of lead at 100“ C. with its density at 
“ I(M)^ C., assuming its coefficient of expansion to remain constant 
within these limits of temperature. 

V.02) The mean coefficient of expansion of a substance between 

— <“C. and 0° C. is c, and the mean coefficient of expansion between 
0° C. and 1*° C. is c'. (yomparo the density of the substance at each of 
these temperatures with its density at 0° C. 

(13) Find the mass of a cubic centimetre of silver at 25)° C., the 
density of silver at 0 0. being 10*31 grams per c.c. 

V (14) The density of water at 0“ C. is 0*999S71, and at 4“ C. it is 1. 
Find the mean coefficient of expansion of water between 4° C. and 0° C. 

(15) If 8 denote the densitf of a substance at C., and S' its density 
at/'“C., find the mean coefficient of expansion of the substance be- 
twet»n t C. and C. 

(16) Find the weiglit, in grams, of 10 c.cm. of gold (density 19*4 
grams per c.cm. at 0“ C.) at 15“ 0. 


U (17) The density at 0“ C. of a specimen of wrought iron is 7*3, and 
the density at 0“ C. of a specimen of tin is 7 '4 : at what temperature 
will these two specimens have the same density? 

u (18) The steel rails of a railway are 8 yards long at 0° C., and they 
are laid at a temperature of 15° C. Wliat spaces must be left between 
them to allow of a variation in temperature ranging from 20° F. to 
90“ F. ? 

(19) A glass ball at a temperature of 40° C. is dropped into a vessel 
full of water also at 40° C., and it is ofJserv’-ed that a pint of water 
overflows. Find what volume would overflow if the same glass ball at 
100° C. was dropped into the same vessel at 100° C. , being given that 
the coefficient ox cubical expansion of glass is *000025. 

(20) The volume of a certain mass of ice at 0° C. is 105 cub. cm., and 
it is observed that when loaded with a mass of 10 grammes it just 
floats in water at 0° C., totally immersed but with the 10 grammes 
above the surface. Determine from this the change of volume of 1 cub. 
cm. of water on freezing. 
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EXPANSION OF LIQUIDS. * 

Formulae for Calculations. — (1) Apparent and Beal 
Expansions. The mean coefficient of real expansion (c^) of 
a liquid is approximately equal to the sum of the mean 
coefficient of apparent expansion (c„) of the liquid in any 
vessel and the mean coefficient of volume expansion (c) of 

that vessel, i.e. = 4* c (1) 

The relation between the apparent volume Ya at and 
the true volume Vo at 0°C. is 

V„ = Vo(l + c„0 (2) 

The relation between the true volume V< at and the 
apparent volume Ya at is 

V, = V.(l+cO (3) 

(2) Application of above to Linear Expansion. — The above 

applies directly to volume expansion but it also applies to 
linear expansion. Thus if we are .measuring the length of a 
brass rod with a steel scale and if 1^ be the mean coefficient 
of real linear expansion of the brass rod, h its mean coefficient 
of apparent expansion, and I the mean coefficient of linear 
expansion of the steel scale, 

la+l (4) 

corresponding to (1) above. Similarly corresponding to (2) 
and (3) above we have : — 

L. = L.(l + i,<) .... 

L, = L.(l + It) 

where the letters have their usvial meaning. 

13 


( 5 ) 

( 6 ) 
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^Weight Thermometer. — The formulae for calculations 
on the weight thermometer are : — 


(w;-w')T 

where W„ is the freight of liquid in the thermometer at 0° C. 
and w' the weight of liquid which overflows when the tem- 
perature is raised from 0® C. to T°C. Ca = coefficient of ap- 
parent expansion of the liquid. From the above : — 


T = 


(Wo~VK 


( 8 ) 


The real cfKjffioient Cr for the liquid may be found approximately 
from the relation tv = c» <*, but the exact relation is ; — 


Cr 


Ca + , 




Wo 




c being the volume coefficient fur the vessel. 


Hydrostatic Method of finding the Cubical Expan- 
sion of a Solid or Liquid. — ^The formulae for calculations 
are: — 

w, (1 4- cl) = w, (1 + gt) (9) 

where = loss of weight of solid in liquid at 0° C., w, = los* 
of weight of solid in liquid at c = mean coefficient of 
expansion of the liquid between 0°C. and ^°C., and g =: 
mean coefficient of expansion of the solid between 0° C. and 
t^C. Thus if c be known, g is found, or if t; be known, c is 
found. • 

For calculations, this formula may be more conveniently 
expressed as an approximation, thus : — 

—1 = 

w, I +gt' 

:.^ = l + (c-g)t (10) 

Wf 

and for two temperatures t and (instead of and 0®) we 
have the approximate relation : — 


( 11 ) 
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Worked Examples. — (1) A zinc rod is measured hy 
means of a brass scale, and found to he 1*0001 metres long at 
10° G. What is the real length of the rod at 0° (7. and at 
10° (7. ? [Mean coefficient of linear expansion of zinc is 
*000029 and of brass *000019.] 

Applying (5) above we get — 

L. = L,(1 + Z,0. 

Here — 

L, = 1-0001 ; = il - 0 = ( 000029 - 000019) 

= -00001 ; and t = 10. 

Lo = 1-0001 [1 - (-00001)10] 

= 1-0001 [1 - - 0001 ] 

= 1 nearly. 

Also— L, = L,(1 + M)- 

Here — L„ = 1 nearly, and I, = 0-000029. 

.-. L,o = 1 (1 + 0’00029) 

= 1-00029. 

Or- L, = LAl+ It). 

.*. L,o = 1 0001 (1 + 000019 X 10) 

= 1-0001 (1 + *00019) 

= 1-00029. 


(2) A glass tube is measured with a steel scale, correct at 
0° C., and found to be 70 cm. long* at 0° C., and 69-99811 cm. 
long at 10° G. Find the mean coefficient of real expansion of 
glass, and also its mean coefficient of apparent expansion with 
reference to steel. [The mean coefficient of expansion of steel 
is 0-0000113.] 

L.=-L.Ll-i„<] 

70 = 69-99811[l - lOiJ 
70 = 69-99811 - 699-9811Z. 

699-9811Z„ = 69-99811 - 70 
699-9811?.= -0-00189. 



-00189 

699-9811 


= - 0-0000027. 
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That is, the mean coefficient of apparent expansion of glass 
relative to steel is negative. This explains why the tube is 
aftparently shorter at 10^0. than at 0*^0. 

Also — Zr = Z + and I — 0 00001 13. 

.*. Ir = 0 00001 13 - 0*0000027 
= 00000086. 

(3) An ordinary mercurial thermometer is placed with Us 
bulb and lovuir part of stem in a vessel of watery and indicates 
a temjierature T\ The upper portion of the steruy containhuj 
n divisions of the mercury columiiy is in the air at a tempera- 
ture What is the true temperature of the ivater in the 
vessel t 

The true temperature of the water, T'“, is that which the 
thermometer would indicate if completely immersed in the 
water. If this were the case, the n divisions of the mercury 
column, which are now at would be at T'°. We have 
therefore to find the expansion of these n divisons for a rise 
in temjHjrature from Z® to T'^. If Ca denote the mean co- 
efficient of apparent expansion of mei*cury in glass we have — 

.'=V + c..(r-o[ 

But— T' = (T - «) + »' 

= T + n' - n 

= T + «(r-<K. 

T' = “ *'''■'■ (12) 

1 - «c. 

(4) A weight thermomeUer weighs 60 grams when empty y 
and 710 grams when full of mercury at 0° 0. On heating up 
to 100° G.y 10 grams of mercury are expelled. Calculate the 
mean coefficient of cubical expansion of glassy assuming the 
mean coefficient of real cubical expansion of mercury to be 

ooooisi: 

Applying (7) above we get — 

— ^ 

(660 - 10)100 “ 6500 
c«= 0*000154 nearly. 
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But C^+ C. 

c = Cr — 

= 0 000181 - 0 000154 
= 0-000027. 


(5) The same weight thermometer is employed to determine 
the expansion of glycerine. Its weight, full of glycerine at 
0 ° C. = 163-13 grams, and at 100° C. = 157-65 grams. Find 
the mean coefficient of real cubical expansion of glycerine. 


As above — 


(W^ - wjr 


Here u;' = 5-48, Wo = 16313 - 50 = 11313. and T = 100. 


• • Ca 


107 ^ 1 ^ 0 = ® c^ = c^ + <> 

Cr =0-00051 + 0-000027 = 0 000537. 


( 6 ) The weight thermometer of questions 4 and 5, is em- 
ployed to determine the temperature of an oil hath. After it 
has taken the temperature of the hath* it is found that 30 grams 
of mercury have been expelled. Find the temperature of the 
hath. 

From ( 8 ) we have — 

T = - . Let c„ = — — 

(W„-w')c. 6600 

„ _ 30 _ 6500 X 30 

(660 -' 30 ) 5 / 3 ^ 630 

T = 309-5° C. nearly. 


(7) A glass bulb, with a uniform fine stem, weighs 10 grams 
when empty, 117-3 grams when the bulb only is full of mercury, 
and 119-7 grams when a length of 10-4 cm. of the stem is also 
filled with mercury ; calculate the relative coefficient of expan- 
sion for temperature of a liquid which, when placed in the 
same bulb, expands through the length from 10*4 to 12-9 of the 
stem, when warmed from 0° C. to 28° G. The density of mer- 
cury, is 13-6 grams per c.cm. 

From the question. 10-4 cm. of the bore of the stem con- 
w. p. "^2 
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tain 119-7 — 117*3 = 2*4 grams of mercury. /• 1 cm. of 
2'4 3 

bore of stem contains — grams of mercury. 
l()-4 lo 

Let V denote the volume of 1 cm. of bore of stem, then 

volume of bulb is equivalent to that of -- 3 — v = 

xs 

V cm. of stem = 464*97v nearly. 

Initial volume of liquid = (464*97 + 10*4)v = 475-37i; 
nearly, and final volume = (464*97 -f- 12*9) v = i77’S7v. 

Now in the case of a liquid being heated in a graduated 
glass tube, if n be the reading on the stem at 0^^ C. and n' 
the reading at C., it follows that — 


and applying this, we get : — 

«..= 00 on = = 0-000188 nearly. 

“ 28 X 476-871) • 475-37 X 28 •’ 

The operations with mercury, referred to in the first part 
of the question, constitute a simple method of calibration. 


A more usual way of working such a (juostion is to deduce tlie 
volume of the bulb, etc., in c.cni., by employing the known density of 
mercury (l3-()), thus ; — 

2'4 3 

Volume of 1 cm. of stem = - v . , o.cm. = c.cm. 

10-4 X 13 6 13 X 13-6 


Total apparent expansion = 


13 X 13-6 


/. Mean coefficient of apparent expansion between 0® 0. and 28® C. 
= ( _ „ 2*5 X 3 \ ^ 109-7 

\ 13 X 13*6 X 28 / ’ 13-6 


2-5 X 3 X 13-6 _ 2*5 x 3 

13 X 13*6 X 28"x 109-7 13 x 28 x 109-7 


= 0 0001 88 nearly. 


( 8 ) A piece of glass weighs 477 grams in air, 31*53 grams in 
water at 4P C, and 31*75 grams in water at 60° C. Find the 
mean coefficient of cubical expansion of water between 4 ° C. and 
60° 0., taking (hat of glass as 0*000024. 
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From (11) we have — 

-«'‘-=l + (c-ff)(60-4). 

Here— w^-4.7- 3175 = 15*25 grams, 

• = 47 — 31*53 = 15*47 grams, 

g = 0*000024. 

1 + (c - ?) , 

1014426 = 1 + (c - (/) 56. 

c-g= — = 0000257. 

^ 56 

That is — c = 0*000257 + g. 

c = 0*000257 + 0*000024*= 0 000281. 


A simple example such as this may be, very instructively, worked 
out from first principles. 'J’he loss of weight of the glass in wat^ at 
4'*C. = 15*47 grams ; its volume = 15*47 o.cm., for a gram is, by 
definition, the weight of 1 c.cm. of water at 4“C. Hence, volume of 
glass at 60" == 15*47[1 + (0*0000*24 x 56)] t= 15*4908 o.cm. 

Hence, when weighed in water at 60° C., it displaces this volume of 
water, and therefore we have, that 15*4908 c.cm. of water at 60" weigh 
15*25 grams. This weight of water would occupy 15*25 c.cni. at 4'’C., 
and hence we have — 


15*4908 = 15*25 (1 + 56c). 

, C = - = 0 000282. 

15*2o X 56 


This result agrees very closely with the approximation obtained 
above. , 


(9) A solid weighs 29*9 grams in a liquid of density 1*21 at 
10° C. It weighs 30*4 grams in the same liquid at 95° C, 
when the density of the liquid is 1*17. Calculate the coefficient 
of cubical expansion of the^ solid, given that its weight in air 
= 45*6 grams. 

From (11) we have — 

.% = ! + («- 3) («-<,). 

Wn = w^Q = 45*6 — 29*9 = 16*7 
wt = W95 = 45*6 — 30*4 = 15*2. 


Here — 
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And therefore — = 1 -f (c - gf) (95 — 10), 

or- 10329 = 1 + 86 (c - j(). 

c-g= = 000387. 

85 

Here g is required, and c has to be calculated from the 
densities of the liquid at 10® C. and 95® C. Now : — 

= [1 + (95 - 10)c] = 1 + 85c. 

» 1.3 

That is ~ I'l? ~ ^ 

or— 1034188 = 1 + 85c. 

c = = 0 000402. 

8t> 

Hence for g we have — 

* 0 000402 - (; = 0 000387. 

^ g^ 0 000015. 

Barometric Correction for Temperature. — The pres- 
sure of the atmosphere is usually expressed in terms of the 
height of a column of mercury at . 0® C. which exerts an 
equivalent pressure. The observed height of a barometer at 
C. has to be reduced to the equivalent height at 0® C. ; 
this is called correcting for temperature, and in applying the 
correction two points are to be remembered, (i) To correct 
for the expansion of the scaje between 0® C. and C. (ii) To 
correct for the change of density of the mercury. 

Let H denote the observed height of the barometer at C. 
Then if I denote the mean coefficient of linear expansion of 
the scale, the true height, corrected for the expansion of the 
scale, is H(1 4- It). Denote this by Ht. 

To correct for (ii) : If Hi and dt be the height and density 
of the mercury at t, Ht, the equivalent height at 0® C. and do 
the density at 0® C., then since they are equivalent and denote 
equal pressures per unit area we have : — 

H,(Z,^ = Bodog 

where g = acceleration due to gravity. Hence 

Hfdf i-— Ho^(). 
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That is — 


But — 


H. = H(l + rt) 

®o 

dt _ 1 

do 1 + Crt ’ 

H, = H “ = H[l + (Z - c,)<]- 
A + , 


Or, since Cr is usually greater than 1, this is more generally 
written = H[1 — (c^ — l)t] 

where H denotes the observed height at C. 

Ho „ „ true „ at 0° C. 

I „ „ mean coefficient of expansion of the 

scale. 

Cr „ ,, „ „ absolute expansion 

of mercury. 

t „ „ temperature of observation. 


It should be noticed that the mean coefficient of absolute 
cHhical expansion of mercury is employed because the correc- 
tion (ii) is necessary on account of change of density of the 
mercury. On no account must the column of mercury bo 
treated as a rod subject to linear expansion. 


Sometimes a barometer reading mast be reduced to (X’C., to sea 
level and to latitude 45^ In this connection it may be mentioned that 
if 0 = latitude and h = height above sea level in feeU the height of the 
standard barometer is : — 

l£ = 760 + 1-94562 cos2^ + *000045466 h mm. 

This will enable the studeift to take latitude and altitude into ac- 
count if necessary (see worked example (11) ). 


Worked Examples. — (10) A barometer with a glass scale 
reads 756 mm. at 18° G . ; find the reading at 0° C. The 
apparent coefficient of expansion of mercury in glass is 
*000155, and the mean coefficient of linear expansion of glass 
is *0000089. 
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Applying the above formula, we have H<, = H[1 — — Z)i]. 

To find Cr from Ca which is given, we have + e. 

Here (J, = -000155 and c = 3( 0000089) = -0000267. 

.-. c, = -000155 + -0000267 = -0001817. 

Then— Ho = 755[1 - (-0001817 - -0000089H8] 

= 755[1 - (-0001728) 18] 

= 755[1 - -00311] 

= 752*7 nearly. 

(11) A barometer in Leech (lat. 53*^ 48*7') was 185*8 feet 
above sea level ; find the length of the column which cor reejwnds 
toa standard atmosphere. When the barometer^ whose scale was 
made of brass ^ read 765*27 mm. at a temjyerature of 12*5^0., 
a thermometer immersed in a boiling-point apparatus read 
100*37°. Find the correction. {Take mercury coejjicient as 
*000182 and brass coefiicient as *000019.) 

Using the formula above we have : — 

Height required = 760*000 + 1*94562 cos 107° 37*4' 

+ -000045466 x 185*8 mm. 

= 760*000 - *588 + *008 = 759-42 mm! 

Hence the standard atmospheric pressure at Leeds is 7 59*42 mm. 

It therefore follows that for readings of the barometer at 
Leeds near 760 mm., it is sufficiently accurate to add *58 ram. 
to the reading of the barometer after it has been corrected 
for temperature. 

The reading of the barometer therefore, corrected for tem- 
perature and for latitude and height above sea-level 

= 765-27 [1 - (-000182 - -0000,19)12-5] + •58 mm. 

= (763*72 + -58 mm.) = 764*30 mm. 

From Regnault’s Tables, boiling point at this pressure 

= 100-16° C. 

Observed boiling point = 100*37° C. 

Correction = -r- *21° C. 
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Szaroises ZZI. 

(V) A rod of copper and a rod of iron placed side by side are riveted 
together at one end. The iron rod is 150 cm. long, and a mark is 
made on the co^or rod, showing the position of the unriveted end 
of the iron at 0° 0. If at 30“ the mark is 0*0255 cm. from the end of 
the iron rod, what is the coetRcient of expansion of copper, that of iron 
being 0*000012? * 

^ (2) A weight thermometer weighed 95*6 grams when empty, and 
676*8 grams when full of mercury at 0“ C. ; find the quantity of 
mercury expelled when the temperature is raised to 100° C. 

(3) The coefficient of absolute cubical expansion of mercury is *00018, 
the coefficient of linear expansion of glass is *000008. Mercury is 
placed in a graduated glass tube, and occupies 100 divisions of the 
tube. Through how many degrees must the temperature be raised to 
cause the mercury to occupy 101 *56 divisions ? 

• 

^(4) A porcelain weight thermometer weighs 165 grams when empty 
and 468 grams when full of mercury at 0® 0. When heated to 300° 0., 
the weight of overflow is found to be lJf*464 grams. Find the mean 
coefficient of cubical expansion of porcelain between 0° and 300° 0., 
assuming that of mercury to be *000184 for the same range of tem- 
perature. 


(5) A solid weighs 320 grams in vacuo. y 240 grams in distilled water 
at 4“C., and 242 grams in water at 100°C., of which the density is 
0*959. Find the volume of the solid at these two temperatures, and 
deduce therefrom its mean coefficient of cubical expansion for 1° C. 

• 

v^^(6) The barometer height at 12° C., as indicated by a barometer with 
a brass scale, is 766*45 cm. Find the true equivalent height at 0° C. 

(7) A glass bulb with a straight graduated capillary stem weighs 
54 grams when empty, 367 grams when filled with mercury, at C’O., 
up to the zero of the graduations on the stem, and 367*12 grams when 
filled with mercury, at 0°C., up to the division marked 100 on the 
stem. Find the mean coefficient of absolute cubical expansion of a 
liquid which fills the bulb and stem up to the tenth division at 0° 0. 
and up to the 110th division at 100° 0. 

What will be the reading of a mercury thermometer if the bull 
18 at 300° C. , and the stem from 0° C. upwards at 20° 0. ? The coefficient 
of expansion for mercury may be taken as *000187 and the linear co- 
efficient of glass *000009. 
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/(9) A glass flask holds 100 c.om. of mercury at 0°0. Find the 
Volume at 100^ 0. of the mercury driven out when the flask and mer- 
cury are heated to 100® C. (coefficient of cubical expansion of glass = 
•0(K)026 : of mercury 00018) 

(10) The reading of a mercury barometer is 760 mm. when the tem- 
perature is 0°C. Determine the reading at 20® C., the coefficients of 
expansion of mercury and of the metal of which the scale is ffiade 
being respectively 1'8 x 10“^ and 1*8 x 10“*. 

(11) A metro scale, linear coefficient = ‘OCXK)!!, is tested at 0®C.> 
and found to bo shorter than the standard by half a millimetre. What 
error in metres would be involved in the measurement of a distance 
of 200 kilometres by this scale at 2(f C. ? 

(12) A piece of metal has an apparent weight of 29*9 grams in brine 
of density 1*21 grama per cub. cm. at 10® C., but has an apparent 
weight of 30*4 grams in the same liquid at 95® C., at which temperature 
the density of the liquid is 1*17 grams per cub. cm. If the weight in 
air of the piece of metal is 45*6 grams, calculate its coefficient of cubi- 
cal expansion. 


(13) A barometer with a brass scale which has been adjusted at 0® C. 
stands at 778 mm. when the temperature is 20® C. What pressure in 
kilograms per sq. cm. does this indicate ? 

(Ooofficiont of linear eitpansion of brass ~ 0*0000188 ; 

,, cubical ,, ,, mercury = 0*0001803 ; 

Weight of one cubic centimetre of mercury at 0® C. = 13*596.) 

(14) Assuming that the mean coefficient of expansion of mercury for 
rc. is *0001815, and that of the glass of a thermometer *000026, 
And the reading of such a thermometer, of which the bulb is plunged 
in water at the temperature of 100® C., while the stem is exposed to 
air of the temperature of 10® C. 

(15) Suppose that an Englisl^ barometer with a brass scale giving 
true inches at the temperature 62® F, reads 29*5 inches at 45® F ; 
what is the pressure in true inches of mercury reduced to the specific 
gravity it has at 32° F. ? [The coefficient of lineaf expansion of brass 
is 0*00001, and that of the cubical expansion of mercury is 0*0001 ; 
both for 1®F.] 

(16) A weight thermometer was used &s a maximum thermometer. 
When empty the thermometer weighed 4*98 grams. When filled with 
a given liquid at the temperature of melting ice it weighed 150*43 grams. 
It was now exposed in the room whose maximum temperature during 
a certain time was required. At the end of that time it was removed 
and weighed : the weight was only 147*42 grams. The real coefficient 
of the given liquid is *000*237 and the coefficient of volume expansion 
of glass 18*000026. Find the maximum temperature of the room during 
the given period. 



CHAPTER IV. 


EXPANSION OP GASES. * 


Formulae for CalculationB. — The formulated expres- 
sions of the gaseous laws are : — 

Boyle’s Law (^temperature constant) pv =:k (1) 

Charles’ Law (pressure constant) (1 + cj) (2) 

Law of Pressures (volume constant) p^ (1 + Cpt),,, (3) 

where c» = coefficient of expansion of the gas at constant 
pressure, and Cp = the pressure coefficient at constant volume. 
^ is a constant for the given mass of the given gas ; it is, of 
course, different for different masses of the gas. 

We are dealing with Centigrade temperatures and experi- 
m*ent shows that in this case c® = Cp = (or more exactly 
1/2737). Using the Fahrenheit scale, the coefficients are f of 
1/2737, i.e. ^^ 3 , and in this case (2), for example, would be 
written : — 

= ^33 ^ 32 )}. 

When the temperature, volume and pressure are all 
changing, the laws become : — 


^ = constant = R. .% pv = RT (4) 

or, expressed in a convenient form for calculation purposes ; — 


PlHl - ^2^2 

T, t; 


(5) 


where T, and T, denote ahsolnta. temperatures. The"^ 
absolute zero is —273^ C. (approx.) so that any temperature 
f C. is (278 + tf absolute. 
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Another form of the relation which is sometimes convenient 
for calculations is : — 


( 6 ) 

1 -h 1 + Crt.^ 

where the letters have their usual meaning. (See Example*?.) 

Ill (5) if the temperature he constant^ we get Pi^’i = 
which is another expression for (1) above. 

In (5) if the pressure he constant^ we get 
that is : — 


or ill words, the volume is proportional to the absolute 
temperature” which is another form of (2) above. 

Finally in (5) if the volume he constant, we get 
that is : — 


i>. T 


which is another form of (8) above. 

Note that the absolute zero is also — 461° P. so that the 
F. freezing point is (461 + 32) = 493° absolute and, in fact, 
any temperature f F. is (461 +• /)° absolute. 


Mass of a Given Volume of Dry Air. — This is often 
required and is obtained as follows : — 

1 c.cra. of dry air at 0° C. (273° abs.) and 760 mm. pressure 

= *001293 grms *(9) 

V c.cm. of dry air at f C. { (273 + t)° abs. } and P mm. 
pressure 

= vxooimx^//^,,<4B™s (10) 

See Example (9), p. 30. 


y Work done by a Gas Expanding at Constant Pressure. 

'^Suppose the gas in a cylinder fitted with a piston. Let 
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P = pressure per unit area, A = area of piston, I = distance 
through which the piston moYes. Then ; — 

W = Work = P X A X ^ = P.v (11) 

where v is the increase in volume. With regard to units : — 


If P is in j 

and r in : — 

W will be in : — 

dynes per sq. cm. 

c.cm. 

ergs • 

grams per sq. cm. 

c.cm. 

centimetre-grams 

pounds per sq. ft. 

c.ft. 

foot-pounds 


Again let P = pressure, V = volume and T = absolute 
temperature of a given mass of gas. Let the temperature be 
raised one degree at constant pressure. The increase in 


volume (v) will be 
hence : — 


V( 


of vol. at T (from (7)}| ; 


W = Work =P»’= 


PV 


( 12 ) 


See Example (10) p. 31. 


Worked Examples. — (1) A cubic metre of gas at 760 mm, 
pressure is subjected^ at constant temperature, to a pressure of 
2,280 mm. Find its volume. 


Here, in — 
we have — 

Hence 

Or— 


p,v, = p,v^ , 

p^ =: 760 mm. ; p,^ = 2,280 mm. 

Vj = 1 cubic metre ; is required. 
760 X 1 = 2280 1;, 

= I cubic metre. 


^ (2) In a vessel of capacity 5 litres are placed 15 litres of ^ 
hydrogen originally at 120 mm. pressure and 10 litres of oxygen 
originally at 500 mm. pressure. Find the pressure of t\e 
mixed gases (temperature constant). 
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Hydrogen : — 

PjV, = P,V,. P, = ^ = 360 mm. 

Oxygen : — 

P,V, = PiV,. P, == ^ = 1000 mm. * 

t 5 

.-. Total pressure = 360 + 1000 = 1360 mm. of mercury. 

[Niito tliat each gas is regarded as “filling” the vessel, i.e., Vj for 
each gas is 5 litres.] 

(3) A litre of hydrogen, at 10*^ C., is heated at constant 
•pressure to 293° C. Find its volume. 


Here, in - 


we have - 


Hence- 


y, = 1 litre ; T, = 273 + 10 = 283, 

= 273 + 2P3 = 566; is required. 
1 _ 283 _ 1 
v^ 566 2 * 

.*. t 7 . = 2 litres. 


✓ (4) Air is enclosed in a vessel at 0° 0., and, the volume being 
kept constant, the temperature is lowered to — 88° (7., at which 
temperature the pressure is found to he 385 mm. Find the 
pressure at 0° 0. • 

Herein— ^ 

Ih % 

we have— 2h required; T, = 273. 

p, = 385 mm. ; T, = 273 + ( - S8) = 273 - 88 = 185. 

jjence Jh- = ^ „ 

385 185 ’ 

.*. py = 568 1 mm. 

(5) il gas occupies 5*5 c.ft. at 32° F. Find its volume at 
212° F., the pressure being constant. 
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;i = 6-5c.ft.; Tj=:461 + 32 = 493; T3 = 461 +212 = 673; 
Vj is required. 

. -y, _ 673 . _ 673 x 6*5 

5*5 493 “ * 493 ' 

• i.e, Vj, = 7*5 c. ft. 


' (6) Find the volume occupied at 0° (7. and 760 mm, pressure 
hy 600 c.c. of oxygen measured at 10° G. and 760 mm. pressure. 


Here, in — 
we have — 

T.= 
Hence — 


• 

T. T, 

p^ = 760 mm. ; p^ = 760 mm. 

= 600 c.c. ; v^ is required. 

273 + 10 = 283; = 273 + 0 = 273. 

760 X 600 _ 7601;., 

283 ~ 273 ' 


Or— 


273 X 760 X 600 
283 X 760 


= 480*6 C.C.* 



(y) A thousand cubic centimetres of air at 60° G. are cooled 
down to 10° 0., and at the same time the external pressure 
upon the air is increased from 760 mm. to 766 mm. What is 
the volume reduced to, the coeficient of expansion of air for 
1° G. being 0*00366? 

Using the relation : — 

■Pi^i - Pfz 

1 + c,t^ 1 4 - 

we have — 

p^ = 750 mm. p, = 765 mm. 

v^ = 1000 c.cm. t>, is required., 

<, =50°C. • =10°C. 

cr = 0 00366. 


750 X 1000 _ 765v, 

■■ 1 +(0-00366 X 50) 1 + (0 00366 X 10)' 

750 X 1000 _ 765», 

1-183 “ 1-0366' 

», = 859 06 c.cm. 



30 


EXPANSION OF GASES. 


(8) Oom])are the density of air at 0° G. with that of air at 
100 ° 0 , 


If we take a given mass of air at 0° C., and heat it to 
100° C., the density diminishes ; but, since the mass is con- 
stant, we have, at any temperature v^d^ = v.^d .^ ; • 


ix.f 



d, 


But from (7) wo have — 

u, T,- •• rf, IV 

[That is, density is inversely proportional to absolute tem- 
perature.] 

Here, then — = 1‘36G. 

"lOO 

• 

s/ (9) The mass of a litre of air at 0° C, and 760 mm. pressure 
is I ‘293 grams ; find the piass of a litre of air at 100* C. and 
750 mm. pressure. 


The volume being constant, mass is. proportional to density, 
that is — 

M ^ d 
M' if 


d 


d' 


e. 


T' 

- , and, by Boyle’s law, 


d 

a 


• • M' d' " 
M' = M X 





It will be noticed that this agrees with (10) page 26. 

Here, M = 1*293 grams, T = 273, p = 760. 

M' is required, T' = 373, p' = 750. 

lurf 1 .ooQ vr 273 ^ 750 ftO/i 
M' = 1-293 X ^ X ^ = -934 gram. 
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(10) Show that the work done by a given unass of gas during 
expansion under constant pressure, for one degree rise in 
emperature, is the same for all pressures and temperatures. 


Let V denote the volume of the gas, T its absolute tem- 
perature, and P the external constant pressure. 

The increase of volume for 1° rise in temperature is 

evidently ™ , and the work done during the expansion is 

PV PV • 

therefore given by — . But — is constant for all pressures 

and temperatures for a given mass of a given gas. Q.E.D. 


Exercises IV. 

(1) In a determination of tho coefficient of expansion of dry air by 
Gay Lussac’a method, tho volume of the air in the tube was found be 
240 c.cm. at 0® C., and at IT Q. its apparent volume was 310 o.cni. 
Find the value obtained for the required coefficient. The moan 
coefficient of cubical expansion of glass is*0 *000026. 

^ (2) A porcelain air thermometer is used to determine the temperature 
of a furnace. Tlie excess of the pressure of the air in the bulb over 
tli8 atmospheric pressure is found to be that due to 1843 mm. of 
mercury. Find the temperature of the furnace, given that the baro« 
metric height at the titne of determination equals 758 mm, 

(3) A volume V of gas at pressure P and temperature T is heated 
(1) at constant pressure and (2) at constant volume, to a temperature 
T'. Express in terms of P, V, T, and T' the resulting state in each 
case. [The state of a given mass of gas is expressed by giving its 
pressure, volume, and temperature.] 

y/ (4) Ten litres of hydrogen at 20® C. and 750 mm. pressure, occupy a 
volume of 9532*4 o.om. at 10® C. and 760 mm. pressure. Find the 
mean coefficient of expansion of hydrogen. 


(5) A straight vertical tube, the section of whoso bore is one square 
inch, is closed at its lower end and contains a quantity of air, which 
supports an air-tight piston whose weight is 1 lb. The position of the 
piston is observed when the temperature of the air is 31® C., and the^- 
weight of the piston is then increased by 1 lb. Find what increase of 
temperature will be required to bring back the piston to its former 
position, the atmospheric pressure being 15 lb, per s^are inch, and 
the absolute zero of the air thermometer being - 273*^ C. 
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%/(6) Determine the height of the barometer when a milligramme of 
air at 27" C. occupies a volume of 20 o.om. in a tube over mercury, the 
mercury standing 73 cm. higher inside the tube than outside. (1 gram 
of air at (f C. under a pressure of 76 cm. of mercury measures 
773-4 o.cm.) 

(7) The volume of a bubble of gas, generated under water at a depth 
of 100 metres, is 2 o.cm. Find its volume when it reaches the surface, 
assuming the temperature to increase 1° C. for each 10 metres rise, the 
temperature at the surface to be 15" C. , and the pressure of the air to 
be equal to that duo to 10 metres of water. 

s/[S) A litre of hydrogen weighs 0*0896 gram at (f C. and 760 mm. 
pressure. Find the weight of a litre at 20r C. and 766 mm. pressure. 


n/( 9) (yonipare the density of air at 10° C. and 750 mm. pressure with 
its density at 16" C. and 760 mm. pressure. 

\<^(10) A 6ask containing air is corked up at 20° 0. and heated in an 
air bath. A pressure of two atmospheres inside the ilask will force 
the cork out ; at what temperature will this take place ? 

V (li) At what temperature will a volume of air at 0" 0., when heated 
at constant pressure, double its volume ? 

(12) A thin spherical glass bulb 2 cm. in diameter, containing air, 
is sealed up and enclosed in a spherical vessel 10 cm. in diameter, 
and containing the same quantity of air as the bulb. The tempera- 
ture in both vessels is then raised until the inner one bursts. The 
pressure in the enclosing vessel is then found to be 1 -5 atmospheres ; 
find the pressure within the bulb just before bursting. 


(13) Five hundred cubic centimetres of Oxygen gas are measured 
when the temperature is 20" 0., and the temperature is then raised to 
40" C., the pressure meanwhile remaining invariable. What is the 
volume of the Oxygen at the latter temperature? (The Coefficient of 
Expansion of Oxygen is 


(14) A thousand cubic inches of air at a temperature of 30° C. are 
cooled down to zero, and at the same time the external pressure upon 
the air is doubled. What is the volume^ reduced to, the coefficient of 
I of air for 1° C. being 0*00366? 

piece of iron, measuring 1(XX) o.om., is weighed at 0° C., and 
100" C. What will be its apparent change in weight ? 



Coefficient of expansion of air . . = 000367 ; 

„ „ iron (linear) = 0‘<X)0012 ; 

Mass of 1000 o.om. of air at 0° C. . . = 1 *293 grams. 


The pressure is supposed to be normal throughout 
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(16) At the sea4evel the barometer stands at 750 mm., and the 
temperature is 7°C., while on the top of a mountain the Imrometer 
stands at 400 mm., and the temperature is - 13"* C. ; compare the 
weights ot a cubic metre of air in the two places. 

l^ese barometric readings may be taken as corrected for tempera- 
ture. 


(17) At what pressure will 1 gram of dry air at 0° C. occupy 10 cubic 
cm. ? 

(18) Calculate the weight of dry air in a room 20 x fO x 2 metres 
when the barometer is at 77 cm. and the thermometer at 16° C. If 
the barometer were at 42 cm. and the thermometer at 25“ C., what 
weight of air would the room contain? (1 c. cm. of air at 0“ C. and 
76 cm. pressure = *0012^)3 gram). 

V'^O) A barometer tube is 35 inches long. A small quantity of air is 
left in the tube above the mercury, and the latter stands at 2§‘9 inches 
when the true barometer is 30 '01 inches. What will be the true 
barometric height when this barometer reads 28’5 inches? 

(20) A certain mass of gas is enclosed in a cylinder fitted with an air- 
tight piston. The area ot the piston is 10 sq. cm., the barometer reads 
7^ mm. and the thermometer 17® C. A weight of 5 kilogrammes is 
put on the piston, which causes it to sink. Find to what temperature 
the cylinder must be heated to make the piston rise to its original 
position (density of mercury = 13*6 grams per c.o.). 



CHAPTER V. 


SPECIFIC HEAT. 

tJnits of Heat. — The calorie or gram-degree-Centi- 
grade unit is used in scientific work; it is the heat 
required to raise the temperature of one gram of water 
1*^ C. Frequently a unit 1,000 times as large is used, called 
a major or great calorie. 

Another unit used by British engineers is the British 
Thermal Unit (B.Th.XJ.), or pound-degree-Fahrenheit 
unit ! it is the heat required to raise one pound of water 1° F. 
To*convert from calories to B.Th.XJ. multiply the calories by 

^ 55 * 

A further unit used .by engineers is the ponnd-degree- 
Centigrade unit, Le. the heat required to raise one pound of 
water PC. (Some writers call this unit the therm.) 

Accurate definitions specify certain temperatures ; these, howei^r, 
are not re(iiiired for calculation purposes. 

Note that the number giving the specific heat of a body is the same 
for all three systems. The specific heat of copper is -092 : thus 
*092 calorie will raise the temperature of 1 gram of copper 1® C., 
*092 B.Th.U. will raise 1 pound of copper 1° F., and •092 pound- 
degree-Centigrade unit will rajse 1 pound of copper 1" C. 

Formulae for Calculations. — (1) If Q denote the quan- 
tity of heat lost by a body of mass m and specific heat s in 
falling in temperature from to then : — 

Q = ms (TV— d) (1) 

Similarly, if the temperature of a body be raised from t^ to 
0°, the heat (QJ gained by the body is given by : — 

Qj z= ms(0 — t). 

(2) If II? denote the water equivalent of a body of mass m 
and specific beat s, 

w = ms (2) 

34 
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Method of Mixtures. — ^The principle of calculation is 
briefly as follows : — ^The method involves the loss of heat by 
one portion of the system, and a corresponding gain of heat 
by the remaining portion. If the former portion bo repre- 
sented by A, and tlio latter by B, the principle is : — 

^ he loss of heat by A / The gain of heat by B 

during the change f J during the change 

from its initial to its C j from its initial to its 

final state ) \ final state. * 

In general symbols, if be the mass of a solid say, s its 
specific heat, and T its initial temperature : the mass of 

the water say, and t its initial temperature : w the water 
equivalent of the calorimeter, etc. : 0 the final temperature, 
then : — 

m^s (T — d) z=z (mo + w) (0 — /) (3) 

In applying the above the following points nnist be attended^ to : 
(rt) There must be no loss of heat to, or gain of heat from, the outside. 
{h) The total mass of the system must be constant throughout : this 
condition is really involved in (a). 


Method of Cooling (Liquids). — Let fj = number of 
seconds taken by the liquid to cool from T° to 0°, m, = mass 
of* the liquid, = number of seconds taken by the water to 
cool from to m.^ = mass of the water, w = water equi- 
valent of the calorimeter and thermometer, s = specific heat 
of the liquid, and K = a constant depending on the radiating 
surface, then : — 

Hj = Heat given out by liquid, ’etc., per second 
= K (T — -f w (T — 

= Heat given out by the water, etc., per second, 

= K -^) 

But ’ H, = H, 


. m^s -f w _ 

’ ' m2 + \ 


(4)’ 


from which s is determined. Note that the calorimeter is 


filled to the same height with the water and with the liquid. 
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XSleotrical Method (Liquiflx) : — The heat developed in t seconds 
is calorics, where I is the current in amj)eres, and K the 

prcHSuro at tljc Lcrniinals in volts. Kcpiating this to tlio lieat taken 
up by m grni. of the liquid of specifie lieat >, and by the apparatus 
(wat-er equivalent m grni.) we get 

^..(T - 0) -f i«(T - 0)= •24EI< (5) 

from which « is determined. T° C. = final, and O'" C. =- original tem- 
perature. 

Method of Fusion of Ice and Condensation Method: — 

Calculations on these involve the idea of latent heat, and are dealt 
with in Chapters VI. and VII. 


Gases: — Cases have two specific heats, viz. the specific heat at 
constant pressure (sj,) and the specific heat at constant volume (s,,), 
the former being the greater owing to the external work done by the 
gas in expanding. For dry air -- ‘2373 and — *1084, so that the 
rat io y - ~ 1 *4. 

In Cle.ment and Ih sonne-'i* method of finding the ratio of the specific 
heats the formula for calculations is ; — 


7 = 


= (approx.) (0) 

log;)a - log;>, Pi- Pi 

where — initial pressure, = final pressure, and P = atmospheric 
pressure. (See Example (10)f. 

Again, the velocity of fiound {r) in a gas, e.g. in air, is given by 


r = \/ yjj, where P = pressure, and D = density : hence — 


..D 

' P 


.(7) 


an expression from which the ratio (7) of the specific heats can be 
determined. (8ee Example (11)). 


Vapours; — It may bo noted that the specific heat of non- 
mtarated sUam is of the order *4 to ’6. The specific heat of 

saturated steam is negative, t.e. it gives out heat when its 
temperature is raised. 


^ Worked Xlzamples. — (1) Ten 'grams of water at 98® C. 
are poured into a copper vessel weighing 25 grams and con- 
tabling 100 grams of water at 6® 0. Find the final tempera- 
ture of the mixture. Specific heat of copper = 0*092. 

Here, if B denote the final temperature, we have — 

Meat lofit by the ten grams of water initially at 98® C. 
=s 10 (98 — B) calories. 
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Heat gained. — (1) By copper vessel = 25 x •01>2 {0 — 6)* 
calories = 2*3 {0 — 6) calories. 

(2) By water in copper vessel = 100 (0 — > 6). 

Hence, equating we get — 

. 10 (98-^) = 102*3 

112*3^ = 1593*8 or 0= 14 2'^C. (nearly). 


n/(2) One oiitice of copper at 212° F. is immersed in 1 Ih. of 
water at 55° F, Find the final temperature. (Specific heat 
of copper = *1.) 


Let t^ F. be the final temperature. 

Heat given out by lb. of copper in cooling from 212° F. 
to ^° F. = X 1 X (212 — t)} B.Tli.U. (pound-degree- 
Fahrenheit). 

Heat taken up by 1 lb. of water in rising from 55° F. to 
F. = 1 X 1 X (^ - 55) = (i ~ 55) B.Th.lJ. 


. 212 — 

“ IGX 10 


IGO^ - 8800 = 212 - t, 

t = 56° F. nearly. 

• 

V (3) In order to determine the specific heat of silver ^ a piece 
of the metal, weighing 21 grams, is heated to 98° C. and then 
dropped into a calorimeter containing 100 grams of water at 
10° C. The final temperature of the mixture is 11° 0. ; find 
the sjyecific heat of silver. The water equivalent of the calori- 
metric apparatus is 3*6 grams. 

Here, if s denote the specific heat of silver, we get — 

Heat lost by the silver 

= 21 X « X (98 - 11) = 18278 units. 


Heat gained — 

(tt) By calorimetric apparatus = 3*6(11 — 10) = 3*6 
units. 


(h) By water in calorimeter = 100 (11 — 10) = 100 
units. 
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Hence, 


1827« = 103-6 
. ^ 103 6 

1827 


0057 . 


s/(4) Ten grams of common salt at 91° 0. having been im- 
mersed in 125 grams of oil of turpentine* at 13° C., the tern- 
jierature of the mixture was 16° 0. Find, from these data, the 
specific heat of common salt, supposing no loss or gain of heat 
to have taken place from without and taking the specific heat of 
oil of turpentine as 0*428. 


Here wo liave — 

10 X « X (91 ~ 16) = 125 X 0-428 x (16 - 13) 
IhOs = 160-5 


. __ 160-5 

“ ^ 750 


0-214. 


^/(/5) A mass of 200 grams of copper, whose specific heat is 
0*095, is heated, to 100° C., and placed in 100 grams of alcohol 
at 8 ’ (^, contained in a copper calorimeter whose mass is 
25 grams, and the temperature rises to 28*5° 0. Find the 
specific heat of the alcohol. 

The lioat lost by the copper • 

= 200 X -095 X (100 - 28-5) 

= (200 X *095 X 71-5) calories. 

The heat gained — 

(а) By the calorimeter = 25 X *095 X (28*6 — 8) 

= (25 X -095 X 20*5) calories. 

(б) By the alcohol = (100 x « X 20*5) calories, 

where s denotes the specific heat of the alcohol. Then, equat- 
ing total loss and gain of heat, we*have — 

(200 X *095 X 71*5) = (25 x 095x 20-5) -f (100x20-5x«), 
1358-5 = 48-7 -f 20508. 

.-. 20508 = 1309-8. 

8 = 0-639. 


ber oould not be used in this case as common salt is soluble in 
This point should be noticed. 
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(6) The follovuing data were obtained in an experiment for 
the determination of the water equivalent of a given calori- 
metric apparatus : — 

Weight of apparatus 46*623 grams. 

,, ,, ,, + ^saier 224*683 „ 

^ Initial temperature of apparatus and water ... 9 ° ( 7 . 

Temjieratnre of hot water 78 ® ( 7 . 

Fitval temperature 13 ‘2 ( 7 . 

Weight of apparatus after addition of hot water 236*493 grams. 

[Note. — These data are given in the order of th9ir determina- 
tion in an actual experiment.'] 

Here — 

Weight of water in calorimeter = 224*583 — 45*623 
= 178*960 grams, and weight of hot water added 

= 236*493 - 224*583 = 11*91 grams. 

Therefore, if w denote the water equivalent of the appara- 
tus, we have — 

(178*96 + w) (13*2 - 9) = 11*91 (78 - 13*2), * 

4*2 (178*96 ^w)=z 11*91 x 64*8, 

751*632 -h4*2w=: 771*768, 

4*2w? = 20*136, 

• w r=z 4*794 grams. 

^ (7) A hall of platinum t whose mass is 200 grams y is 
removed from a furnace and immersed in 150 grams of water 
at 0^ C. If we suppose the water to gain all the heat which 
the platinum loses, and if the temperature of the water rises to 
30° G.y what is the temperature of the furnace ? Specific heat 
of platinum is 0*031. 

Here, if T° C. denote the temperature of the furnace, we 
have — 

200 X *031 (T.~ 30) = 150 x 30. 

6*2 (T - 30) = 4500. 

6-2T = 4500 + 186 = 4686. 

T = — „® = 756°C. 

0*2 

[This example indicates a method of measuring very high 
temperatures.] 
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(8) A volume of air, at 100° C., whose mass is 30 grams, is 
passed through a coy per worm, immersed in 197 grams of 
water initially at 10° C,, and finally at 13° G» Find the 
specific heat of air, given that the water equivalent of the 
calorimetric apparattis is 10 grams, and that the loss of heat 
hy cooling of the calorimeter during the experiment is 9 gram- 
degree units. 

Here the air is not all cooled to the same temperature — that which 
passes through first is cooled down to 10° C. , but as the temperature 
of the calorimeter rises the fall of temperature of the air Dccomea 
gradually less. If the increase of temperature in the calorimeter be 
supposed to be uniform, the heat actually lost by the air is approxi* 
inately equal to that given by supposing the total mass of air to be 
cooled down to the mean temperature of the calorimeter during the 
time occupied by the experiment. Hence the solution is as follows : — 


Heat lost by tlio air 

= 30 X s ^100 ^ units = 2Gt55s units. 


iteat gained by calorimeter and contained water 
= 3 (197 + 10) = 207 X 3 = 621 units. 

The heat lost by the cooling of the calorimeter was origin- 
ally derived from the air, 

the total gain of heat = 621 -f 9 = 630 units. * 
Hence, equating we get 

2655s = 630 


2655 


0*237. 


This example gives in outline the method of determining 
the specific heat of a gas at constant pressure. Note par- 
ticularly that the air passes through the calorimeter, and does 
not remain in it. 

(9) In a determination of the specific heat of a liquid hy the 
method of cooling, the weight of calorimeter {copper) = 16*24 
grams; its weight containing liquid^ 27*18 grams, and con- 
taining water = 30* 14 grams. The times of cool ing from 60° C. 
to 55° C. were 140 secs, with liquid and 330 secs, with water. 
Specific heat of copper is *095. Find the specific heat of the 
liquid. 
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Calories lost per second in tlie water experiment when 
cooling from 60° C. to 55° C. 

_ (13 9 + 16-24 X 095)5 
330 

Cgilories lost per second in the liquid experiment when 
cooling from 60° C. to 55° C. 

_ (10-94« + 16-24 X *095)5 

140 * . 

Equating these two, cancelling and cross-multiplying wo 
get:— 

14 (13-9 + 1*54) = 33 (10-94s + 1*54) 

i.e. 10'94« = — - 1-54 = 6-65 - 1-54 = 6 01. 

So 

8 = *458 =: *46 very nearly. 

(10) Li an experiment on air by demerit and Desormes* 
method the initial pressure was 986*4 units, the final pressure 
1015*2 units. The atmospheric pressure was 1027 units. 
Find the ratio of the specific heats of air. 


> = 


or 


8, _ log 1027 -- log 986*4 _ 3*0116 - 2*9941 
log 1015*2 - log 986*4 "S OOW - 2*9941’ 


•0175 , 


1027 -- 986*4 
1015*2 - 986*4 




(11) The velocity of sound in air at 0° C. and 76 cm. 
pressure is 33180 cm, per sec. The specific heat of air at 
constant pressure is *2375. Find the specific heat at constant 
volume. , 



= (33180)^ X 


76 


J001293 
X 13*6 X 981 


1*404. 


i.e. 


t” = 1-404 

Si 




1*404’ 


*2375 

1*404 


= *162. 


Hence: — 
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Note that 1 c.cm. of air at 0° 0. and 76 cm. pressure 
= *001293 grins. = D, and P = 76 X 13*6 x 981 dynes per 
sq.cm. Special attention must be paid to the units. 


Ezeroiflds V. * 

(1) ‘280 grains of zinc (specific heat = ’095) are raised to the tempera- 
ture 97‘’C. and immersed in 150 grams of water at 14°C. contained in a 
copper calorimeter weighing 90 grams. The specific heat of copper 
being *095, what will bo the temperature of the mixture supposing 
that there is no exchange of heat except among the substances men- 
tioned ? What is the water equivalent of the calorimeter employed ? 

(2) A copper vessel containing a thermometer is at 12 ’C. ; 50 grams 
of water at (H)' C. are poured in, and the temperature, after stirring, is 
found t(i be 50' C. : lind the thermal capacity, or water equivalent, of the 
vessel and thermometer. 

(3) In a determination of the specific heat of a liquid by the 
method of cooling the following data were obtained : — 

• Weight of calorimeter (copper) 16*24 grams. 

,, ,, and liquid 27*18 ,, 

,, ,, ,, water 30*14 ,, 

Time of cooling of liquid from 60" C. to 55" 0.... 140 seconds. 

„ ,, water „ „ ... 330 „ 

Find the specific heat of the liquid. [The water equivalent of the 
calorimeter must bo determined from its weight and the specifio heat 
of its material.] 

(4) Determine the siieoific heat of copper from the following data : — 

Weight of copper 16*65 grams. 

,, water in calorimeter 49 ,, 

Initial temperature of copper 99*5" C. 

,, ,, water and calorimeter ... 12" C. 

Final ,, mixture 14*5° 0. 

Water equivalent of calorimeter, etc 2*1 grams. 

(5) Determine the specific heat of alcohol from the following data : — 

Weight of copper calorimeter 20*4 grams. 

,, „ ,, 1- alcohol 70*5 ,, 

,, ,, dropped into calorimeter ... 10*5 ,, 

Initial tenipcratui*e of calorimeter and alcohol ... 10° C. 

„ ,, ,, copper 98® 0. 

Final ,, „ mixture 12*6° 0. 
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vfG) Ten grams of sulphuric acid, enclosed in a sealed glass tube 
weighing 4*3 grams, are heated to 80"* O. and dropped into 86 grams of 
water at 10“ 0. contained in a copper vessel weighing 15 grams. Find 
the final temperature of the mixture, the specific heat of sulphuric acid 
being taken as 0*34. 

(7) A piece of\platinum, weighing 120 grams, is taken from a 
furnace and at once dropped into 100 grams of water at 10" C., con- 
tained in a copper vessel weighing 21 grams. The final temperature 
is found to be 37“ C. : find the temperature of the furnace. 

(8) 100 grams of mercury at 250“ C. are mixed with 80 grams of 
mercury at 15“ C. in a glass vessel weighing 35 grams, ^ind the final 
temperature of the mixture. 


(9) Regnault found that 100*5 units of heat were required to raise 
the temperature of unit mass of water from 0“ C. to 100“ C., and 
203*2 units to raise its temperature to 200“ 0. Find the mean specific 
heat of water between 0“ C. and 100“ C., between 100“ C. and 200“ C., 
and between 0“ C. and 200“ C. 

(10) Equal weights of two liquids of specific heats s' and at tem- 
peratures t' and i'\ are poured into a glass vessel of mass specific 
neat and temperature t. Find the final temperature of the mixture. 

(11) Equal volumes of two liquids A and B are mixed. Find the 
final temperature. 

Specific gravity of A = 1 *8 ; of B = *56. 

• Specific heat of A = 0*3 ; of B = 0*6 

Temperature of A = 60“ C. ; of B = 40“ C. 

(12) One hundred litres of hydrogen, measured at 0“ C., are heated 
in an oil bath to 210“ C. and then passed through a calorimeter con- 
taining 500 grams of water initially at 10“ C., and finally at 21*75“ C. 
Find the specific heat of hydrogen, given that the water equivalent 
of the calorimetric apparatus = 5 grams, loss of heat by cooling of 
calorimeter during passage of gas = 3*6 gram-degree units, weight of 
1 litre of hydrogen = 0*0896 grams at 0“ C. 
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CHANGE OF STATE -.—LIQUEFACTION AND 
SOLIDIFICATION: LATENT HEAT OF FUSION. 


Formulae for Calculations. — (1 ) If L deuote the latent 
heat of fusion of a given substance, then the (luantity of heat 
absorbed during fusion by a mass m of that substance 
is represented by mTj, and the quantity of heat evolved 
during solidification of a mass ni of tlie substance is also 
represented by mL. 

fin each of these cases the temperature of the substance 
remains constant during the change of state, but the heat 
absorbed, or given out, affects the temperature of adjacent 
substances.] 

, (2) Latent Heat of Water {Fusion of Ice). Let M be the 
'^mass of water in the calorimeter, t its temperature, lo the water 
e(iuivalent of the calorimeter, etc., 0 the final temperature of 
the water after the melting of the ice, and m the mass of ice 
added. Then 


Heat lost by water and calorimeter = (M + w) (^ — ^). 
Heat absorbed by ice in changing from ) _ j 
ice at 0° C. to water at 0° C. j — m . 


Heat gained by water thus produced in ) n 
being raised from 0° C. to ^ C. \ — m . 


(M + 'if>) {t — 0) mJj + wO, 

I y (M + w) {t — 0) — mO 

m 


[It is not necessary to remember the formula: problems 
can he worked out from first principles by the method here 
indicated.] 
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(3) Ice Calorimeters and the Determination of Specific 
Heats, (a) Laplace and Lavoisier: If M denote the mass of 
the solid, the specific heat of which (s) is required, and T ' C. 
its temperature, and if when placed in the receptacle m is the 
mass of ice melted, we have : — 

Heat given out by solid in cooling from T° C. to 0° C. = MsT. 
Heat absorbed by ice in melting = wiL. 


MsT = mL, 


i.e. 8 


mJj 

MT’ 


Knowing L, the specific heat is determined. 


(5) Bunsen . — Let M bo the mass in grin, of the substance 
of which the specific heat (s) is required, T” C. its temperature, 
V the diminution in volume in c.cm. Now 


Decrease in vol. when 1 grin, of ice melts == *09008 c.cm. 

Mass of ice melted = approx. 

*U9Uoo 

Further ; — 

Heat given out by the solid = M«T. 

Heat required to melt the ice = 80 x lit; = 880t;. 
MsT = 880 y, 

880y 

[It is not necessary to remember the formula : problems 
can invariably be worked out from first principles from the 
data given.] 


^^/Worked Examples. (1) Ten grams of ice at — 10° 0. are 
mixed with 120 grams of water at 80° C. Find the final tem- 
perature of the mixture. {Specific heat of ice = 0*5 and latent 
heat of water = 80.) 

Here, if 0 denote the final temperature we have — 

Loss of heat by water = 120 (80 — 0). 

Gain of heat by — 

(a) Ice during change of temperature from — 10° C., to 
0° C. = (10 X *5 X 10) units = 60 units. 
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(4) Determine the latent heat of ice from the following data. 
Weight of brass calorimeter (Sp. heat ‘09) ... gni. 

„ „ „ M [water IStigni. 

Initial temperature of water and calorimeter 24" C. 
Final „ „ „ ... 17" C. 

Weight of calorimeter, etc., after addition of ice 165 gm. • 


(5) A gram of ice at 0’ 0. contracts 0 091 o.om. in becoming water 
at (f C. A piece of metal weighing 10 grams is hciited to 50^ C. and 
then dropped into the calorimeter. The total contraction is *063 o.cm. : 
find the specific heat of the metal, taking the latent heat of ice as 80. 

(fi) Five humlrcd cubic centimetres of mercury at 56*" C. are put 
into a hollow in a block of ice and it is found that 159 grams of ice are 
licpiefied ; find the specific heat of mercury. 

(7) Ton grams of water at OfFC. arc placed in the inner tube of a 
Bunsen’s calorimeter, and it is found that the volume of the contents 
of the outer portion decreases by 1*09 o.cm. : taking the latent heat of 
water as 80 what value does this give for the speoihe gravity of ice ? 

(S) The latent heat of fusion of ice is 79 '5. The specific gravity is 
•917. Ton grams of metal at 100^* C. are immersed in a mixture of ice 
and water, aiid tlic volume of the mixture is found to bo reduced by 
125 o.mm., without change of temperature. Find the specific heat of 
the metal. 


(9) The specific heat of iron is *113 ; how many lb. of iron at 250° C. 
must be introduced into an ice calorimeter in order to produce 2 lb. 
of water ? 

(10) If 100 c.cm. of water in freezing become 109 o.om. of ice, and 
the introduction of 20 grams of mercury at 100’’ C., into a Bunsen’s 
calorimeter causes the end of the column of mercury to move through 
74 mm. in a tube 1 sq, mm. in section, find the specific heat of mercury. 
(The heat required to melt one gram of ice is 80 units. ) 

(11) A pound of ice at 0" C. is thrown into 6 lb. of water at 15° 0. 
contained in a copper vessel weighing 3 lb. and when the ice is melted 
the temperature of the water is 2° C. Find the latent heat of fusion 
of ice, the specific heat of copper being 0*095. 

^ (12) Define the terms latent heat, specific heat, and capacity for 
heat. The specific heat of copper is *095. What is the capacity for 
heat of 500 grams of copper ? If 600 grams of copper are heated to 
100° 0., and placed in an ice calorimeter, how much ice is melted, the 
latent heat of fusion of ice being 80? 



CHAPTER VII. 


CHANGE OF STATE VAPORISATION AND 
CONDENSATION: LATENT HEAT ’OF 
VAPORISATION. 

Formulae for Calculations. — (1) Dalton' a Second 
Law. If Pi, 7?2»P3 denote the individual pressures due to the 
several constituents of a mixture of vapours then we have 
P = + ^3, where P is the total pressure exerted by 

the mixture. The most familiar example of the application 
of this law is in the case of air and water vapour. If,P' 
denote the pressure due to the air alone, and / that due to 
the vapour, then the total pressure, P, is given by P = P' + /. 

Mass of a Given Volume of Moist Air. — The density 
of water vapour compared with air is '62 or 5/8. Thus in 
say 1 litre (1000 c.cm.) of moist air at temperature f C. and 
total pressure P, the air containing vapour at pressure /, we 
have : — 

(a) 1 lit. of dry air at t^ C. and pressure P — / weighing : — 

1-293 X 27 ^^ X grams. (See Chapter IV.) 

(h) 1 lit. of water vapour at t^ C. and pressure /weighing : — 
•62 X 1-293 X 273 ^ ^ grams, 

and the total weight of the«litre of moist air is (a) 4- (6). 

(3) “ Total Heat and ** Latent Heat ” of Steam at T® C . — 
If Q be the total heat required to raise unit mass of water 
from 0® C. to T° C. and to convert it into steam at C., 
then • — 

Q = Total Heat of Steam at T® C. 

= 606*5 -f •305T (1) 
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If the mass be one gram the above gives Q in calories, 
if it be one pound Q will be in pound-degree-Centigrade 
units. 

If L be the latent heat at C., then Q = T + L, for T 
units are absorbed by unit mass of water in rising from 
0°C. toT^C. Hence— 

L = Q — T = Latent Heat of Steam at T® C. 


= 606-5 --GOST (2) 

If B.Th.U. are employed the above expressions become : — 

Q = 1082 + -305^ (3) 

L = 1114 - (4) 


r being, of course, t°F. (Here Q = B.Th.U. required to 
raise 11b. of water from 32° P. to P. and to convert it into 
steam at /°P.). 

Heat given to a substance which prcxiucos a rise in temperature is 
called SeuHihle Heal. Total Heat = Sensible Heat + Latent 
Heat. 

Inttpial Heat of Emporation is the heat equivalent of the work 
done in altering the molecular condition of the substance in passing 
from liquid to vapour. External Heat of Eva2)oration is the heat 
equivalent of the external work done in overcoming the atmospheric 
pressure as the substance increases in volume in passing from liquid 
to vapour. Latent Heat == Internal Heat + External Heat. 

It may be noted tliat a given volume of water when con- 
verted into steam under atmospheric pressure occupies a 
volume nearly 1600 times as great. 

If in lib. of wet steam we find Q pound of steam and 
(1 — Q) pound of water, Q is the dryness fraction of the steam. 

Detennination of Latent Heat of Vaporisation. — If 

L denote the latent heat of vaporisation of a given liquid 
then the quantity of beat absorbed during vaporisation 
by a mass m of that liquid is denoted by wL, and the quantity 
of heat evolved during condensation of a mass ni of the 
vapour is also denoted by mL. 

In calculations on this, say on the latent heat of steam, 
the reasoning is as follows ; — If M = mass of water in calori- 
meter, w = water equivalent, t = initial temperature of water 
and calorimeter, T = temperature of steam, m = mass of 
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steam condensed, 6 = final temperature, and L = latent heat 
of steam, then : — 

Heat lost by steam at*T° in changing to water at T° = wiL. 
Heat lost by this water in cooling to ^ = m (T — 

Heat gained by calorimeter and water in 

rising in temperature from to ^ = (M + w) (0 — <)• 

/. niL + m (T — ^) = (M + "to) (0 — t) 

L = _ (T — tf) (5) 

m 

[The formula need not be used in problems : the latter 
should be worked out from first principles on the lines 
indicated above.] 

Kypsometry. — The difference of level x (cm.) between 
two stations A and B where the atmospheric pressures are 
Pj and (cm.) respectively is given by : — • 

a; = 1840000 (log P, ~ log P,) (6) 

Knowing the temperatures at which water boils at the two 
stations, the pressures Pj and Pg are obtained from a table of 
vapour pressures, and thus x is determined. 

Worked Examples. — (1) Find the latent heat of steam 
near 100'^ G, from the following data — 

Weight of calorimeter 105 gm, 

„ ,, ,, and water ,346 ,, 

Initial temperature of calorimeter and water 4° C. 

Final „ „ „ „ „ 24''C. 

Weight of calorimeter ^ etc.^ at the end of the 

experiment 354*16 gm» 

Water equivalent of calorimetric apparatus 9 gm. 

Height of barometer *. 752 mm, 

( The steam is produced at atmospheric pressure). 

Here, from data of question we have — 

Weight of water in the calorimeter = 346 — 105 = 241 grams ; 
Weight of steam condensed = 354*16 — 346 = 8*16 grams ; 
Temperature of the steam = 99*7° C. 
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Hence the loss of heat — 

(a) By the steam during condensation = mL = 8‘16 L 
calories. 

(5) By the water, produced on condensation of the steam, 
in cooling from 99*7° C. to 24° C. = 8*16 (99*7 -5 24) 
= 8*16 (75*7) = 618 calories (approx.) ; 
and, the gain of heat by the calorimetric apparatus 
= (241 + 9) (24 — 4) = 250 x 20 = 5,000 calories. 

Therefore ; — 8*16 L + 618 = 5,000. 

.% 8*16 L = 4382, t.e.L = 537. 

^^(2) A coj)]}er vessel, weighing 100 grams, contains 300 
grants of water at 0° 0., and 50 grams of ice at 0° C, Find 
the quantity of steam, at 100° C., that mtist he hloum into the 
vessel, to raise its temperature and that of its contents to 
10° C. heat of copper = 0*095 j latent heat of steam 

= 537 ; latent heat of water = 80.) 

Let m denote the mass ot the necessary quantity of steam. 
Then the heat lost — 

(a) By the steam during condensation = 537 m calories. 
(h) By water so produced in cooling from 100° C. to 10° C. 
= m (100 — 10) = 90 w calories 
and, the heat gained — 

(a) By the copper vessel = 100 x *095 x 10 = 95 calories. 

(b) „ „ water in the vessel = 300 x 10 = 3,000 calories. 

(c) „ „ ice during liquefaction = 50 x 80 = 4,000 „ 
(tZ) „ „ water, produced by the liquefaction of the ice, 

in being raised from 0°C. to 10° C. = 50 x 10 = 500 calories. 
Hence, equating we get — 

627w = 7595. 

.*. m = 12*1 grams. 

(3) Steam calorimeter for the determination of specific 
heat: — A piece of metal of mass 200 gm, and temperature 
20° 0. is suspended in a steam calorimeter and 1*6 gm. of 
steam are found to condense on it. Find the specific heat of 
the metal. 
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Taking the latent heat of steam as 540 (approx.) the heat 
given out by the steam at 100^ C. in condensing to water at 
WC. = 1-5 X 540 =f810 units. 

The heat taken up by the metal in rising in temperature 
from 20° C. to 100 ^C. = 200 x « x 80 units = 16000 « units. 

16000 8 =: 810, • 

i.e. 8 = ’05. 

^(4) A quantity of hydrogen is collected^ over water, in a 
eudiometer tube. The height of the column of ^vater left in 
the tube is 40*8 mm., and its temjperature is 15° 0. ; find the 
'pressure of the hydrogen in the upper part of the tube. (Take 
the height of the barometer as 758 mm.). 


The space occupied by the hydrogen is saturated with 
aqueous vapour. Hence, with the notation used .above — 


P = P'+/, 
F = P-/, 


where P denotes the total pressure in the tube, P' that due 
to the hydrogen, and / that due to the aqueous vapour present. 

But since 40*8 mm. of water are equivalent to ^ J = 3 ram. 

of mercury we have that — 


P = 758 - 3 = 755 mm. 


and, from a table of vapour pressures, we get — 
/= 12-7 mm. 

F = 755 - 12-7 = 742-3 mm. 


V^(5) A mixture of air and of the vapour of a liquid in contact 
with excess of the liquid is contained in a vessel of constant 
volume. At a temperature of 15° 0. the pressure in the vessel 
is 70 cm. of mercury, at 30° C. it is 88 cm., at 45° C. it is 
110 cm., and at 60° C. it is 145 cm. Assuming that at 15° G. 
the vapour pressure of the liquid is 15*4 cm. calculate the ^ 
vapour pressures 30°, 45°, and 60° C. 

At 15° C. the pressure is 70 cm., but that due to the vapour 
is 15*4 cm. 

.*. that due to the air is 70 — 15*4 = 54*6 cm. 
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Hence the pressure due to the air at 30° C. is 
[frdui J 

54-6 X (273 + 30) ^ 54-6‘x 303 _ „„ 

273 + IS ‘ ’ 288 ■ • 

Similarly the air pressures at 45° C. and G0° C. are GO’3, 
and G3*2 cm. respectively. 

Deducting the air pressures from the corresponding total 
pressures 88, 110, 145 we get 30*G cm., 49’ 7 cm., and 81 8 cm. 
for the respective vapour pressures. 

(/“(G) A barometer tube dijijiing into a mercury reservoir con- 
tains a mrHnre of air and saturated vaimir above a column of 
mercury which is 70 cm. above the level in the reservoir ^ the 
atmospheric pressure being 7G cm. What is the height of the 
mercury column when the tube is depressed so as to reduce 
th^ volume occupied by the air to one-half of its original valuer 
the pressure of the saturated vapour being 1‘5 cm.? 

The pressure of the air and saturated vapour to begin 
with is G cm. ; therefore the pressure of the air = 6 — 1-6 cm. 
= 4*5 cm When the volume of the air is reduced to one- 
half of its original value the air pressure will = 9*0 cm. 
Add to this the vapour pressure of 1*5 cm. and we get a total 
pressure of 10*5 cm., whence the height of the mercury 
column = 7G — 10*5 = 65*5 cm. 

(7) On the top of a certain mountain water boils at a tem- 
perature of 93° 0. Find the height above sea level. 

On reference to a table of vapour pressures, it will be seen 
that if water boils at 93° C. the pressure of the atmosphere 
is 58*8 cm. Then 

X = 1840000 (log Pj — log Po) 

= 1840000 (log 7G’^log 58 8) 

= 1840000 X -1114 
= 205000 cm. 

= 6725*7 feet. 

(8) Find the total heat of 1 Ih. of wet steam in which the 
dryness fraction is *9, the boiling point being 212° F, and the 
latent heat of steam 967 B.Th.U, at 212° F. 
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(a) Sensible Heat. To raise 1 lb. of water from 32° F. to 

212° P. requires 180 B.Th.U. 

(b) Latent Heat. ^ lb. is converted into steam and the 

heat required for this is (*9 x 967) B.Th.U. 

Total Heat of the 1 lb. of wet steam = 180 + (*0 X 967) 

= 1050 B.Th.U. 

or (but more * roundabout *) : — 

Total Heat of 1 lb. of steam at 212° F. == 1082*+ *305^. 

= 1082 + (-305 X 212) 

= 1146*7 approx. 

But *1 lb. is not vaporised and this means that *1 X 967, 
i.e. 96*7 must be subtracted from the above. 

Total Heat of the 1 lb. of wet steam = 1050 B.Th.U. 


Exercises VIZ. 


'--''(I) When 10 grams of steam at 100° C. were condensed in 1000 grams 
of water at 0°C., the resulting temperature was 6*S° C. Find the 
latent heat of steam. 


(2) How many grams of steam at 100° G. must be condensed in 
'jfOO grams of ice-cold water to raise it to the boiling point ? 


(.3) Calculate the latent heat of vaporisation of water from the 
following data ; — 


Mass of calorimeter and thermometer = 40*45 grams, 

Water equivalent of same — 4*04 ,, 

Mass of cold water in calorimeter =157*9 „ 

Initial temperature = 10*6® C. 

Final temperature = 46® 0. 

Pressure = 78*168 cms. 

Boiling point of water at that pressure = 100*8° C. 

Mass of steam used ^ =9*7 grams. 

(4) How many lb. of copper of specific heat |, at 200° C. must be 
dropped into a mixture of 20 lb. ice and 20 lb. water at 0° C., to 
convert the whole into steam at 100° C., the water equivalent of th^ 
vessel being 5 lb. ? 


(5) Ten grams of steam at 100° C. are blown into 100 grams of a 
mixture of ice and water at 0® O. The final temperature of the 
mixture is 5° C. Find the quantity of ice originally in the mixture. 
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(6) Ten grams of steam at 60® C. are passed into 600 grams of water 
at 4® C. The final temperature of the mixture is 14*18'' C, Find the 
latent heat of steam at 60’ C. Verify your result by Regnault’s 
formula. 

[In an experiment such as this some arrangement must bo made fur 
keeping the steam at a constant pressure, oorresponding to the maxi- 
mum pressure of aqueous vapour at 60'* C. For example, the S*ceam 
may be condensed in the calorimeter in a thin copper vessel, communi- 
cating with a reservoir of air, in which the pressure can be varied at 
will.] 

V^(7) Fifty grams of steam at lOO** C. are passed into a mixture of 
100 grams of ice and 200 grams of water at 0° C. Find the rise of 
temperature produced. The water equivalent of the vessel containing 
the mixture of water and ice is 15 grams. 

\^{S) Ten grams of ice at - 10® C. and 100 grams of water at 10® C. 
are mixed in a copper vessel weighing 150 grams. Twenty grams of 
sti'ani at 100® 0. are then passed int^ the mixture Find the final 
temperature of the mixture. 


(J') Express tlie latent heats of steam and water in terms of the 
degree Fahrenheit. 

(10) Draw up from Regnault’s formula for total and latent heat of 
steam a table showing the values of these for the temperatures 50® 0., 
60® 0. , etc. . . . 150® C. Note how they change (increase or decrease) 
with rise of temperature. 

(11) The boiling point of water on the top of a mountain is found to 
be 88® C. What pressure would a barometer indicate there ? Express 
the pressure in dynes per s(i. cm. What is the height of the mountain ? 

(12) Find the temperature at which water boils on the top of Snow- 
don (height 3570 ft.) 


(13) A quantity of dry air measures 1,000 o.cm. at 10® C. and 
760 mm. pressure. If the same quantity of air is heated to 30° C. , and 
saturated with a(|ueou8 vapour at that temperature, what must be the 
volume of the moist air, in order that the pressure may remain 
unchanged ? (Tension of aqueous vapour at 30^ C. = 31*55 mm.) 

(14) A bubble containing 0 01293 milligrams of air is formed 136 
ram. below the surface of water at 80^ C. Find its volume. [1 c.om. 
of air weighs 1*293 milligrams at 0® C., and 760 mm. pressure ; height 
of barometer = 750 mm. ; remaining datum required may be obtained 
from a table of vapour pressures). 

(15) A bubble of air is formed 68 mm. below the surface of water at 
10® C. Find how many bubbles (of air and water vapour) of volume 
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e(|ual to its own, this bui>blo may give rise to, when the temperature 
of the water rises to Height of barometer — 70(> mm. 

(16) Find the quantity of heat required to vaporise 10 grama of 
alcohol at 78 "S' C. 


(17) Twenty grama of ether vapour at 35” C. are passed into 1(X) 
grams of ether at 0” C. in a copper vessel weighing 12*5 grams. Find 
the final temperature of the mixture. 

W’^18) Ten grams of melted lead at 332^ C. are dropped into a copper 
vessel surrounded by melting ice. Find the weight of ice melted. 

(19) How many grams of water at 0® C. can theoretically be frozen 
by the evaporation of 1 gram of water at 0° C. ? 


(20) It is found by experiment in a room, where the temperature is 
15” C., the dew-point 8” C., and the height of the barometer 750 mm , 
that a quantity of water in a shallow cylindrical vessel, 10 cm. in 
radius, loses by evaporation 10 grams of water in 24 hours. If the 

conditions are such that the formula m = K p (F - /) is applicable, 


find the value of the constant, K, in this case, and apply the formula to 
find the loss by evaporation from the same vessel when the temperature 
of the room rises to 20® C., the dew-point remaining constant, and the 
barometric height being 760 mm. 


[S = surface area evaporating. F = maximum pressure of water 
vapour at the temperature of the room. / = pressure of vapour 
present = maximum pressure of vapour at the dew-point. P = 
atmospheric pressure.] 



CHAPTER VIII. 


HYGEOMETBY. 

Formulae for Calculations. — (1) In calculating the mass 
of aqueous vapour present in a given volume of air it must be 
remembered that the total pressure of the mixture is made up 
of two pressures : — (a) the total pressure of the air ; (h) the 
pressure of the vapour present. The latter pressure is equal 
to the maximum pressure of aqueous vapour at the dew- 
point, and is the pressure to be employed in calculating the 
required mass. 

(2) The absolute humidity of the air is the mass of 
vapour actually present in unit volume of the air. 

(3) The hygrometric quality of the air is given by the 
ratio — 

Mass of vapour present in u nit volume of a ir 
Mass of unir volume of air 

hygrometric state or relative humidity is 

Mass of vapour present in a give n vol, of aiy^t^ _ m 
” Mass of vapour required to saturate the air at T w' 

Pressure of the vapour presen t at 
Maximum pressure of vapour at T 
Maximum pressure of vapour at the dew point _ J 
“ Maximum pressure of vapour at temp, of air, T F 

The Chemical Hygrometer. — The following outlines the 
steps in the calculations for accurate work : — 

(a) Let V' = vol. (litres) of air in aspirator at C. = vol. 
of water drawn off, f' = maximum pressure of vapour at 

0.,/= actual pressure of vapour in atmosphere, H = at- 
mospheric pressure, and V = vol. (litres) the air, which is 
now in the aspirator, occupied in its initial condition at C. 
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(4) The 
given by : — 

E.H. = 

and 

E.H. = 
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Then from the relation V, = Vj ■ , we 

have — 


V = V' X 


H -/ ^ 273 + < 


(a) 


H - / 273 + t' 

in which V and / are the unknowns. 

(b) Let m = vapour deposited in the drying tubes : then : — 


„ = |.[yxi 203 x„^»|_x, 4 ] r. m 

in wliicli V and / are again the unknowns. Thus from (a) 
and (h) f is determined (and also V if required). 

Knowing/, the value of the K.H. is found from the ratio 
//F, where F = maximum pressure of vapour at the tempera- 
ture C. of the air (from tables). Also the dew point is 
found from tables, since /= maximum pressure of vapour at 
the dew point. Further, R.H. could be found from m/m', 
since m is known, and m', the mass of vapour required to 
saturate volume V at C., is : — 

,[vx1-293x^-»^,x4] M 


Wet and Dry Bulb Hygrometer. — The dew point and 
R.H. are found in various ways, some of which are as 
follows : — 

(a) Glaishee’s Factors. — Multii^ly the difference in read- 
ing in degrees (Fahrenheit) of the wet and dry hulh ther- 
mometers hy the factor corresponding to the reading of the dry 
hulh, and subtract from the reading of the dry hulh : the result 
is the dew point. All the rest follows. (See Example 4), 

A few of Glaisher’s factors are : — 


Dry Bulb. 
IT. 

Factor. 

Dry Bulb. 
F. 

Factor. 

Dry Bulb. 
F. 

Factor. 

24° 

8-;) 

45° 

2*2 

65° 

D8 

28° 

5-6 

50° 

21 

75° 

1*7 

30° 

4*6 

55° 

20 

85° i 

1*6 

40° 

2-5 

60° 

1*9 

100° 

1*57 



CO 


HYaROMETRT. 


(b) Aimohn’s Formulae. — Let = difference of readings 
of wet and dry bulb thermometers in degrees Fahrenheit, 
h — barometer reading in Inches, w = maximum vapour pres- 
sure in inches corresponding to the temperature of the wet 
bulb (this is got from tables), and x = maximum pressure of 
waUir vapour in inches at the dew point. Then : — 

(1) Wet bulb reading above 32^^ — 

d h 

^ 88 ■ 30* 

(2) Wet bulb reading below 32° F . — 

_ d h 
00*30* 


Thus X is determined, and the dew point found from tables. 
All the rest follows. (See Example 4). 

(f) Smithsonian Table. — This table is given in the 
Ap{)eudix, and the method of using it is indicated in 
Example 4. Centigrade temperatures are employed. 

(d) By tub Formula . — 


where B = specific heat of air, A = latent heat of steam, 
S = density of vapour compared with that of air, P = atmo- 
spheric pressure, and t, t' the two thermometer readings. P is 
taken from tables, the other factors on the right hand side 
are known or observed: thus / is found and all the rest 
follows. 


Worked Examples. — (1) Two cubic metres of moist air at 
17° C. were drawn through a chemical hygrometer, and 24*12 
grams of water \oere deposited in ih^ tubes. Find the relative 
humidity of the air. 

E.H. = 

m' 

Here — m = 24*12 grams, 

and m' denotes the mass of aqueous vapour necessary to 
saturate 2 cubic metres {i.e. 2,000 litres) at 17° C. The 
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maximum pressure of aqueous vapour at 17° C. = 14*4 mm. 
(See Table, p. 113.) 


m 


: I [2000 X 1-293 


/. R.H : 


= 28*84 grams. 

. m _ 24*12 
' "" 


= 0*837 nearly ; 


“ 28*84 

or, the percentage humidity = 83*7. 

(2) Find the mass of 1 litre of moist air at 15° C., given that 
the dew j^oint is 10° C7., and the barometric height is 759*13 mm. 

The pressure of the aqueous vapour present = the maxi- 
mum pressure of aqueous vapour at 10° C. = 9*13 mm., and 
the pressure of the air = 759*13 — 9*13 = 750 mm. 

Hence : — 

The mass of the dry air = g 273 . 

^ 760 X 288 

= 1*2095 grams; 

The mass of aqueous vapour = 

^ ^ 760 X 288 

= 0*0092 grams. 

total mass of one litre of moist air 

= 1*2095 + 0*0092 = 1*2187 grams. 

(3) Find the hygrometrie state of air at 20° C., the dew 
foint being 5° C. 

The maximum pressure of aqueous vapour at — 

5° C. = 6*5 mm. = /, 

20° C. = 17*4 mm. = F. 

or, as a percentage — R.H. = 37*4. 

(4) Find the R.H. of the air when the dry bulb reads 50° F. 
and the wet bulb 45° F. Barometer reading is 30 inches. 
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Using Glaisher’s Factors: — 

Factor corresponding to 50^^ F. = 21. 

Difference in the readings == 6® F. 

/. Dew point (by Glaisher’s Eule) 

= 50 - (5 X 21) = 39*5^ F. 

Now 60°F. =:WC. and 39-6° F. = 4*2'’ C. 

Maximum pressure of vapour at 10° C. (from tables) 
=9*105 mm. = F. 

Maximum pressure of vapour at 4*2° C. (from tables) 

= 0*2 mm. = /. 

R.H. = 4 = = 67-6 per cent. 

F 9*165 

Using Apjohn’s Formula: — 

d = 5° F. h = 30 inches. 

♦ w = max. pressure of vapour at 45° F., i.e, at 7*2° C. 

= 7*59 mm. (from tables) 

= *299 inch. 

Tr * d h 

Hence * = 

— .OQO 5 . 3 0 

— 88 • 30 

= *242 inch = max. press, at dew point. 

Further, max. press, of vapour at 50° F., t.e. at 10° C. 

= 9165 mm. (from tables) = *360 inch, 

RH. = /= ;^2 ^67-1 percent. 

If the dew point is required *242 inch must be converted to 
mm. and the dew point found from tables. 

Using Smithsonian Table (Appendix). — The student should work 
the preceding by this table. Use Centigrade temperatures. From the 
top line look out the difference between the two thermometer readings. 
Go down this column and pick out the number that is on the same line 
as the dry bulb temperature in the first column. This number is f. 
Look down the column under O until the number / is reached : the 
temperature beside this is the dew point (if required). Look down 
the column under 0, and pick out the number that has the air tem- 
perature beside it. This number is F, and R.H. = //F. Interpolation 
is, of course, often necessary. 
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^Exeroises VIII. 

(1) Find the mass of a litre of moist air at 18“ C., the dew point 
being 5“ C., and the barometrio height 757*5 mm. 

(2) The relative humidity of air at 16“ C., expressed as a percentage, 
is 22*5 ; find the dew point. 

(3) Two cubic metres of air, at 14“ C., are found to contain 18*66 
grams of moisture. Find the dew point and relative huiffidity of the 
air. 

(4) Twenty litres of moist air, at 15“ C., are drawn through a 
chemical hygrometer, and found to contain 0*1863 grams of moisture. 
What is the hygrometric state of the air ? 


(5) Two hundred c.cm. of hydrogen, measured at 15“ C. and 754*68 

mm. pressure, are collected over water. Find the mass of the hydro- 
gen present. (1 litre of hydrogen at 0“ C. and 760 mm. pressure 
weighs 0*0896 gram.) , 

(6) The dew point of air at 20“ C. is 8“ C. Find the relative 
humidity and the mass of aqueous vapour present in 1 litre of this air. 

(7) Find the mass of dry air present in 10 litres of moist air, at 
10“ C. and 760 mm. pressure, the dew point of the air being 6“ C. 

(8) One hundred cubic centimetres of oxygen, saturated with water, 
are collected at a pressure of 740 mm. and a temperature of 15“ C. 
Find the volume of dry oxygen at 0“ 0. and 760 mm,, having given 
that the maximum pressure of a(j[ueous vapour at 15“ C. is 12*7 mm. 


(9) A balloon contains 500 litres of hydrogen at 30“ C. and 760 mm., 
which is saturated with aiiueous vapour. The temperature of the 
external air is 20“ C., its pressure 760 mm., and its relative humidity 
50 per cent. Find the “ ascensional force ” of the balloon, given that 
the envelope weighs 200 grams. (Density of hydrogen relative to air 
is 0*0692). 

(10) The following results were obtained with Regnault’s hygro- 
meter. Temperature of air = 16*5“ C. Barometer = 758 mm. Dew 
appears 10*4“ 0. Dew disappears 10*6“ C. Find the R.H. and the mass 
of 1 litre of the air. 

(11) If the dry bulb reads 59“ F. and the wet bulb 40“ F., find the 
dew point and the R.H. 

(12) * Find the volume at 30“ 0. and pressure 760 mm. of 3 grams of 
moist air, whose hygrometric state is *66 and coefficient of expansion 
*0036. 
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Formulae for Conduction Calculations. — (1) Absolute 
Conductivity : — The important relation is : — 


ll=zJc. 


ASt 

X 



( 1 ) 


where H = heat conducted across an area A through a 
tljickness (or length) x in time t with a dilference in tem- 
perature of 0 degrees between opposite faces (or ends). 1c is 
the absolute conductivity of the material. Consistent 
units must be employed, the numerical value of h depending 
on the units of length, time, temperature and heat selected. 

The following formula for H may be preferred : — 


_ CADS 


( 2 ) 


where C = Conductivity, A = Area, D = temperature Differ- 
ence, S = Seconds (or time) and T = Thickness (or length). 

(2) Diffusivity : — If d = density, s = specific heat, h = con- 
ductivity, and K = diffusivity, then : — 


.. _ Conductivity h 

Thermal capacity of unit volume ~ ^ ^ 

(3) In the comparison of condftctivities of rods by the wax 
melting experiment, when the steady stage is reached : — 

C oiiduot ivity of A _ (Diatance wax is melted along A)» 
Conductivity of B (Diatance wax is melted along B)* 


Formulae for Badiation Calculations. — (1) The law 

of inverse squares applies to all radiation from a point source. 
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(2) Jamin and Masson's Law: — Let q = quantity of radia- 
tion entering a substance. After traversing unit thickness 
the quantity present ii3 qa where a = a constant less than 
unity called the coefficient of transmission. On trans- 
mission through another unit thickness the quantity becomes 
a of gh, i.e. qa- and so on. Thus after transmission through 
a thickness n units we have : — 

Quantity of transmitted radiation = qa^ (6) 

(3) Newton's Law of Cooling : — The rate of Pooling is 
directly proportional to tlie excess of the temperature of the 
body over that of the enclosure. Thus : — 

Kate of cooling oc — = = ~ ^ 2 ) ... (G) 

where S = surface area of cooling body, m = its mass, s = its 
specific heat, 6^ = temperature of cooling body, 0,^ = tem- 
perature of enclosure, and E = a constant called the co- 
efficient of emission. If the body is below the enclosure in 
temperature a similar formula holds, the constant becoming 
the coefficient of absorption. 

(4) Dulong and Petit's Law of Cooling : — For a given excess 
of temperature the rate of cooling increases in geometrical 
progression as the temperature of the enclosure increases in 
arithmetical progression. In formula form : — 

Rate of cooling = M (a^i — (7) 

where M and a are constants, = temp, of hot body, 
0^ = temp, of enclosure. 

(6) Stefan's Law : — The radiating power of a body is pro- 
portional to the fourth power of its absolute temperature. 
The law of cooling then becomes : — 

Rate of cooling = M (Tj^ — T^*) (S) 

where T^ = absolute temp, of body and Tg = absolute temp, 
of enclosure. M is a constant. 

(6) Time taken by a body to cool : — It is sometimes useful 
to have an expression for this. Using Newton’s law it can 
be shown that the time taken to cool from one temperature 
0^ to another 0^ is : — 
w. p. 


5 
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Time of ^ 2-^0 

cooling/ ES 


=2-3026 


ms 1 




^0 


... (9) 


Oq being the constant temperature of the enclosure : the other 
letters have their usual meaning. 


Worked Examples. (1) Find the quantity of heat that 
will he transmitted, in 1 hour, across a ^late of co^pper 1 sq, 
metre in area and 5 cm. thick, the difference between the tern- 
peratures of its faces being 10'^ G. 

From the preceding we have : — 

H= 

X 

Adopting the C. G. S. system of units we have : — 
h = 1 (look up table of conductivities), 

A = 1 scp metre = 10000 sq. cm. 0 = 10° C. 

^ = 1 hour = 3600 seconds a? = 6 cm. 

= 72,000,000 calories. 


(2) It is found that 9162000 gram- degrees of heat are trans- 
mitted, per minute, across a sheet of silver, 100 sq. cm. in area 
and 1 mni. thick, with a difference between the temperatures of 
its faces of 100° 0. Find, in G.G.S. units, the absolute con- 
ductivity of silver. 


From the preceding we have : — 

2 - Haj 

mV 

.Here : — H = 9162000 calories A = 100 sq. cm. 

a;=lcm., " ^=100°C. 


A; = 


^ = 60 seconds, 
9162000 X 0-1 


100 X 100 X 60 


1-527 G.G.S. units. 


(3) Si^y kilogram-degrees of heat are transmitted, in 
1 minute, across a plate of copper, 100 sq. cm. in area and 



CONDUCTION, CONVECTION, RADIATION. 


67 


1 cm, thick and having 10° 0. difference of temperaturehetween 
its faces. Find the conductivity of copper in units involving 
the kilogram^ metre^ hour^ and degree Centigrade. 

Hx 

Here, as in Example 2 : — k = . ; 

• Kut 

and in the given units : — 

H = 60 kilogram degrees A = 100 sq. cm. = ’01 sq. metre 

a; = 1 cm. — -01 metre B = 10° C. • 


^ = 1 minute = hour. 


60 X 0 01 X 60 
0*01 X 10 


= 360 units. 


(4) The conductivity of a certain material in the C.G.S. 
system is k: find its value in the British system ^ using the 
Centigrade scales having given : — 1 ft. = 30 ‘48 cm., 1 sq. 
ft. = 929*01 sq. cm., 1 therm. (pound-degree-Centigrade unU) 
= 453*59 calories. 


In the British system to be used here, the conductivity is 
the number of therms flowing per square foot, per second, when 
the temperature gradient is 1° C. per foot. 

The number of calories per second per square centi- 
metre = k when the gradient is 1° C. per centimetre. 


Therefore the number of therms per second per 


929*01 


sq. ft. = . po trn when the gradient is 1° C. per centimetre. 
453*59 


Hence the number of therms per second per square foot 

= when the gradient is 1° C. per centimetre, i.e. 1° C. 

453*59 

But the rate of flow is directly proportional to the tempera- 
ture gradient : hence we finally get the following : — 

The number of therms per second per square foot 

= • = •0672& when the gradient is 1° C. per 

453-59 X 30-48 _ 

foot and this is the conductivity required. 
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(5) The specific heat of copper is 0*095, a7id its density is 
8*9 ; find^ in C.G.S. units, the measure of its diffusivity. Find 
the thickness of a plate of copper that would be raised in 
temperahcre through P 0. by the heat transmitted, in unit 
time, through another cojyper plate of the same area and 1 cm. 
in thickness, with a difference of temperature of 1° C. between 
its faces. Also find the number of degrees ri§e of tempterature 
produced in a plate of copper of the saiSi^ area and 1 cm. hi 
thickness, by the same flow of heat, -A 


By (3):^ 
Here — 


sd ' 

k-\, 8 = 0*095, ^^ = 8•9. 
1 1 


0*095 X 8*9 *8455 


^ 1*183. 


Let A sq. cm. be the area of the plates : the heat traus- 
mitted is : — 

H = A; = 1 = A gram-degrees. 

X 1 


If y denote the thickness of the copper plate which will be 
raised 1° C. by this quantity. A, of heat, then : — 

A = m.8.1 = Ayd.s.l = Ayds. 


:. 1 = yds. 


i.e. y = 


\ = 1183 cm. 
sd 


Hence the measure of the thickness is also the measure 
of the diffusivity. Further, let n denote the number of 
degrees rise produced in a plate of area A and 1 cm. thick, by 
this quantity. A, of heat, then, as above — 

A = msn = A.l.dsn = Aden. 

1 = dm. m = -- = 1-183° C. 
sd 


Thus diffusivity is also measured by this rise of temperature ; 
hence the term thermometric conductivity. 


(6) A piece of rock salt 2*5 mm. thick allows 95°/^ of the 
incident radiant heat to pass through it. How much will a 
piece four times as thick transmit ? What is the coefficient of 
transmission of rock salt ? 
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95^0 gets through tlie first plate. 

95^^/^ of 957o gets through a plate twice as thick. 

957o Vo through a plate three times as 

thick. 

957o through a plate four 

times as thick. 

ix. 81*45 7o gets through a plate four times as thick. 
Further, this plate will have unit thicknesSy i.e. ^ cm. 

By the definition, the coeflicient of transmission = *8145. 


(7) An iron hall 2 cm. diameter is heated and fixed in an 
enclosure coated with lampblack on the inside. The space is to 
he regarded as a vacuum. How long will it take the hall to 
cool from 40^ C. to 20^' C. assuming the enclosure to he at a 
constant temperature 10^ G. Density of iron = 8 grams per 
c.cm.y specific heat =z *112, coefficient of emission for iron 
= *000017. 


Vol. of ball = 5 X ?r X r** = 5 X X 1 == I J c.cm. 
/, 7)1 = mass of iron = g® X 8 =: 33*5 gnus. 
Further, 8= surface area = 47rr' = 4 x V ^ 


Hence : — 

Time taken to cool = — log 

E8 ^ e, 


33*5 X ai2 
■000017 X 12*5 


X log 


20 ~ 



X 2*3026 
2*3026 


= 17656*5 X log 3 x 2*3026 

= 17656*5 X *47712 x 2*3026 

= 19422 seconds approx, or about 5h. 24 m. 


(8) Using Stefan's law, compare the heat lost per second hy 
an iron hall at 427° G. in an evacuated vessel at 27° G. with the 
heat lost hy the same hall at 227° G^ in the same vessel at 27° G. 

The absolute temperatures are 700, 500 and 300, 

Case 1 — Bate of cooling = M (700* — 300*). 

Case 2— „ „ = M (500* ~ 300‘). 



70 


CONDUCTION, CONVECTION, RADIATION. 


Heat lost per sec. in Case 1 __ 700* •— 30 0^ 
Heat lost per sec. in Case 2 500* — 300* 


400 X 1000 X (700'^ 4- 300’) _ 
200 X 800 X (5002 + 300“) 


Find the time required to form a thickness of 2 cm. of 
(ce oh a pondy when the air in contact with its upper surface 
is maintained at — 12 ^^ C. (conductivity of ice = ‘0022 in 
C.O.S. units, density of ice = *917). 


As the sheet of ice forms on the pond the latent heat of 
liquefaction is conducted away through the ice. 

Let I cm. be the thickness of ice at any given instant, and 
let a further small thi<;kness dl freeze during the next small 
interval of time dt. Then : — 


H = lieat emitted by 1 s(p cm. of the surface 
‘ = mass of ice formed X latent heat of liquefaction 

= volume of ice formed x density of ice X latent heat 
= X 1 X -917 X HO. 

H = 73*36 dl units. 


Since this heat is conducted away through a thickness of 
I cm. of ice we have, by the usual formula : — 

tt 7 7 1 X T X dt 

H = A: • - , so that 73*36 dl^k , 

X I 


where T is the difference in temperature of the upper and 
lower surfaces of the ice ; hence : — 


JkT 

73*36 


. dt = Z dZ, 


the integration of which gives 7 

kT , F 

m6* = 2’ <-3668 

In the present case Z;= *0022, T = 12, and Z = 2. 
36*68 X 4 


Z = 


•0022 X 12 


seconds = 92*6 minutes. 
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Exercises ZX. 

• 

(1) Pcclet has stated that the quantity of heat which passes, in an 
hour, through a plate of lead 1 sq. metre in area and 1 cm. thick, with 
a difference of V C. between the temperatures of its surfaces, is 
1383 Kilogram -degrees. What value does this give for the absolute 
conductivity of lead in the C.Cl.S. system? 

(2) The absolute conductivity of copper in C.G.S. units is 1 ; how 
many heat-units will pass, i)er minute, across a plate of copper, 
1 metre long, 1 metre broad, and 5 cm. thick, when its opposite faces 
are kept at temperatures differing by 100“ C. 7 

(3) The thermal conductivity of felt, in C.G.S. units, is 0*000087 ; 
find the quantity of heat that is transmitted, in one hour, through 
a layer of felt 1 cm. in thickness and 20 sq. cm. in area, when its 
opposite faces are kept at temperatures differing by 20° C. 

(4) Calculate the quantity of heat lost, per hour, from each square 
meiro of the surface of an iron steam boiler 0*8 cm. in thickness, 
when the temperature of the inner surface of the boiler is 120“ C. and 
thatof the outer surface 119*5“C., the coefficient of conductivity of ir#n 
being ll*.'5 (referred to 1 cm. as unit of length, 1 minute as unit of time, 
and the quantity of heat rer^uired to raise the temperature of one gram 
of water from 0° to V 0. as unit of heat). 


(5) Express the conductivity of copper in units involving the pound, 
foot, second, and degree Fahrenheit. 

(6) A square metro of a substance, 1 cm. thick, has one side kept at 
100° C., and the other, by means of ice, at 0° C. In the course of 
10 minutes one kilogram of ice is melted by this operation. Cal- 
culate the conductivity of the substance, assuming the latent heat of 
water to be 80. 

(7) The mean temperature of the earth at a depth of 972 feet 
being 23“ C., and 14“ C. at the surface, and the average estimated loss 
of heat per square foot of surface in 27 years being 4*5 units of heat, 
find the coefficient of conductivity per cubic foot per hundred years. 

(8) Estimate the rate at which ice will form on a pond when it is 
5 cm. thick and the temperature of the air is - 12 “C., the conductivity 
of ice being *0022. 


(9) If the thermal conductivity of ice be *005 find tlie rate at which 
the ice on a pond will increase in thickness if the air Ijo at - 20“ C. 
Plot a curve showing how the rate varies as the thickness of the ice 
increases. 
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(10) If a certain piece of coloured glass 1 niin. thick transmits half 
the radiation that parses into it from a sodium flame, iiow much would 
be transmitted by a plate nine times as thicl^ ? What is the coefficient 
of transmission of this particular glass ? 

(11) Find how many calorics are radiated in J hour from the surface 
of a solid copper cube of 10 cm. edge maintained at 2(F C. in an enclosure 
surrounded by melting ice at O' C. (coefficient of emission of copper 
= ’(MKKMhi in O.G.S. units). Use Newton’s law. 

If this cube were allowed to cool, find how long it would take it to 
cool from 20'" C. to 10' C. (specific heat of copper •09o, density of 
copper = 8*7 grams per c.cm.). 

(12) A copper ball of diameter 2 cm. is suspended at 100" C. in an 
enclosure, tlie walls of which are at 0" C. Alter 4 minutes the tem- 
perature of the l)all has fallen to C4 ' (\ Find the coefficient of emission 
of copper given tiiat its specific heat is *09r> and its density 8*8 grams 
per c.cm. {Use formula (fl) or use (6) taking J (100 + 04).} 



CHAPTER X. 


THE MECHANICAL EQUIVALENT OP -HEAT: 

INTERNAL AND EXTERNAL WORK: 
POROUS PLUO EXPERIMENT: EFFICIENCY. 

Formnlae for Calculations. — (1) The fird law of Ther- 
mo-dynamics . — If W denote a definite quantity of work, K 
the equivalent quantity of heat, and J the mechanical 
equivalent of heat, then : — 

W = JH (i) 

expresses the first law of thermo-dynamics. 

(2) Values of J. — The ^values of J, which will often be 
required, are as follows : — 

J = 778 (pounds foot, degree Fahrenheit) 

= 14DD ( ,, „ ,, Centigrade) 

= 427 (gram, metre, „ ,, ) 

= 427(K) (gram, cm., ,, ,, ) 

= 4*19 X 10^ (ergs per calorie) 

= 4*19 (joules per calorie) 

(3) External work done hy a gas during expansion at 
constant pressure . — As already indicated in Chapter IV, 
this is given by : — 

w =zpv (2) 

where p = pressure per unit area, and v = increase in volume. 
It is also shown that for one degree rise in temperature at 
constant pressure : — 

W = ^^ = K (3) 

where P = pressure, V = volume, and T = absolute tem- 
perature of the gas. 
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(4) Determination of J from the difference between the two 
specific Jipats of a gas . — Consider unit mass of gas. Let 
8p = specific heat at constant pressure, sc = specific heat at 
constant volume : then : — 


— Sp = heat equivalent to the external work done ^hen 
unit mass of the gas is raised one degree in 
temperature at constant pressure. 


Sp ■ 


W 

J 


, where W = the external work in question : 



Sp — So 


(4) 


(5) Internal and external latent heats . — The important 
case is that of vaporisation of water, and the method of 
dealing with such problems will best be gathered from the 
following : — 

bonskler 1 pound of water in a cylinder closed by a piston. I^t the 
area of the piston bo 1 sq. ft. and the pressure p pounds per sq. inch. 
Imagine the water to bo at the l>oiling tompeiatiire for this pressure. 
The volume of the water may be taken to bo *017 c.ft. Apply heat 
until all is turned to steam. Tlie heat supplied will bo the latent heat 
L. Lot the volume now bo V c.ft. The increase in volume is 
(V — *017) c.ft. The pressure is 144p pounds per sq. ft. The 
external work done is, therefore, 144/>(V — *017) foot pounds, and the 
heat c(iuivalent to this is 144/) (V - *017)/J, where J is in the appro- 
priate units (foot pounds) : thus 

External latent heat = heat units (5) 

J 

Internal latent heat = |l — heat units (6) 


Note that 1 c.cm. of water at 100® C. and at normal 
pressure becomes about 1,670 c.cm. of steam at 100® C., that 
tlie latent heat of steam is about ^67 B.Th.U. (pound degree 
Fahrenheit), or 540 calories (also pound degree Centigrade), 
and that, in the latter case, the external latent heat is about 
41 and the internal latent heat 499. 

(6) Saturated steam details for practical problems . — ^In 
calculations it is often necessary to know corresponding 
values of the pressure and temperature of saturated steam. 
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These are taken from tables in practice (see Appendix), but in 
the absence of tables the following formula may be em- 
ployed : ~ 

Eankine.— logioi) = G1007 - 

• 

where p = pressure in lb. per sq. inch, T = absolute tem- 
perature (Centigrade), logjoB = 31812 and logj^C = 5 0881. 

Similarly, corresponding values of pressure ai^ volume are 
taken from the tables, but many formulae have been devised, 

Rankine : — PV == 479, 

Zeuner ;_PV* = 479, 

where P = pressure in lb. per sq. inch, and V = volume in 
c.ft. of 1 lb. of steam. 

The formulae for the total he«at and latent heat of steam at 
different temperatures given in Chapter VII. must be well 
known. The specific heat of superheated steam is about *48. 


(7) The “ Porous Plug ” experiment. — A frequent problem 
is that of a liquid being forced through a porous plug and 
the calculation of J from the data of the problem. In this 
case we have : — 


s 



(l-aT) 


( 7 ) 


where s = specific heat in mechanical units, p' = difference in 
pressure on the two sides of the plug, T = the absolute tem- 
perature of the liquid, t^ = change in temperature in passing 
through, V = volume of unit mass of liquid, and a = co- 
efficient of expansion. Thus, knowing s in heat units and 
also in mechanical units, the value of J is determined. (See 
Example 7, p. 79.) 

Another type of porous* plug problem is that of a gas 
being forced through the ping, and the data may be used to 
express on the absolute thermodynamic scale any temperature 
given by a gas thermometer. The most convenient formula 
is : — 


* 43438 , 


( 8 ) 
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where T = absolute temperature on the thermodynamic 
scale corresponding to t on the gas thermometer scale, P and 
p = the pressures on the two sides, and = the expansion 
coefficient. The other letters have their usual meaning. 
H,, is in mechanical units. V,, is the volume of unit mass. 
(See PJxample 8, p. 79.) 

(8) Efficiency of an engine,— If H = heat received from 
the source, and h = heat converted into work : — 

Efficiency = y (^) 

Note that 1 horse-power = 33,000 ft. pounds per minute. 

Worked Examples. — (1) A mass of 10 iwumU falls to the 
ground from a height of 695 feet. Assuming that it does not 
rehoundt find the heat liberated by its impact on the ground, 

Jlere, work done = 6954 foot-pounds. Taking J = 1400, 
the heat equivalent of this work is = f = 5 pound- 
degrees (Centigrade) approx. 

(2) With what velocity must a lead bullet at 60^ 0. strike 
against an obstacle in order that the heat produced by the arrest 
of its motion, if all produced within the bullet, might he just 
sufficient to melt it ? Siwcific heat of lead = '031. Melting 
point of lead = 335® Cf. Latent heat of fusion of lead = 
5*37, Mechanical equivalent of heat = 1390 ft.-lb. 

Let m lb. = mass of bullet, v ft. per sec. = its velocity ; 
then : — 

Kinetic energy of bullet = ^mv^ foot-poundals. 

= foot-pounds. 

64 

Heat equivalent to this units. 

^ 64 X 1390 

Heat required to raise bullet to melting point = mat 
= w X 031 X 285. 

Heat required to melt bullet = mL = m X 5*37 
X *031 X 285) + (m x 5*37), 
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i.e. = ( 031 X 285) + 6-37 or = 211676 8. 

64 X 1390 

V == 460 08 feet per second. 

(^) Tahhuj the mechanical equivalent aa 1,400 ftAb.^ find 
the heat produced in stopping hy friction a fiy-wheelt 112 lb. in 
mass and 2 ft. in radius , rotating at the rate of one turn per 
second, assuming the whole mass to be concentrated in the rim. 


Kinetic energy of wheel = ft. -lb. 

64 

= ft. lb. 

64 

^ . • 1 w • 112 X 16 X 22 X 22 

^ 7 X 7 X 64 X 1400 4900 

= *19 unit (pound-degree-0.)/ ♦ 


9-68 


(4) A cylindrical calorimeter is suspended by a single wire, 
so that it is capable of rotation about a vertical axis, H 
paddle wheel rotates in water inside at a speed of 1,200 
revolutions per minute, and the caloHmeter is just prevented 
from rotating hy having two strings fixed to the circumference 
at opposite ends of ''a Whmeter, the strings then passing over 
two pulleys, and eachMarrying a weight of 300 grams. The 
diameter of the calorimeter is 30 cm. Find the heat developed 
in the calorimeter per second. 

Moment of couple = 300 x 981 x 30 dyne cm. 

.*. Work per revolution = 300 x 981 x 30 X 27r ergs. 

.*. Work per second =,300 x 981 x 30 X 27r x ergs. 

tt X 1 Work per second 

Hence : — Heat, ^Xtecond = ^ 

,^0 X 981 X 30 X 20 X 2 X 31416 ^ 

4*2 X 10’ 

= 26*42 calories. 
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(5) If the specific heat of air at constant pressure he taken 
as *2375 calorie, and the specific heat at constant volume as 
*1685 calorie, determine the value of J in ergs per calorie. 


J = 


w 


— Sv 

Now ; — 1 c.cm. of air at 0° C. and 76 cm. pressure 
=: *001293 grra. 

/. 1 gram at 0"^ C. and 76 cm. = 773-3 c.cm. approx. 

773*3 

And : — Increase in volume when raised 1° C. = c.cm. 

Pressure = that due to 76 cm. mercury = 1033*3 grm. weight. 

773*3 


w = =1 1033*3 X centimetres. 

= 2871300 ergs. 

Jlence J = 2871300 -r ‘069. 

= 4*16 X 10^ ergs per calorie. 


(6) Three pounds of water are supplied to a boiler at 55° F. 
and evaporated at 309° F, ( Volume per lb. = 5*6 c.ft.) Find 
the sensible heat, the total latent heat, and the external and 
internal latent heats. 


(1) Sensible heat = heat used in raising the temp, of 

3 lb. of water from 55° F. to 309° F. 
= 3 (309 - 55) = 762 B.Th.U. (pound- 
degree-Fahrenheit) . 

(2) Total latent heat of the three pounds 

= 3 [1114 - *7^ F.] approx. = 3 (1114 - *7 x 309) 
= 2693 B.Th.U. 

(3) External latent heat of the three pounds : — 

= 3 ^ and since from tables, p for 

saturated steam at 309° F. = 76*7 lb. per sq. inch 
= 3 X 144 X 76*7 x (5’6- Q17) ^ 233 B.Th.U. 
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(4) Internal latent heat of the three pounds 
= 2693 ~ 238 = 2455 B.Th.U. 


(7) A very long cylinder 1 eg. cm. in cross-section is fixed 
vertically. It is open at the top^ but closed at the bottom by a 
plug with very small holes in it. It contains mercury at 0° C. 
standing 10 metres high. The mercury rises *7° G. in tem- 
perature in passing through the holes. Find the mechanical 
equivalent of heat. (Specific heat of mercury*=z *032, co- 
efficient of expansion = *0002.) 

By (7):- ,=^’'y(l-aT). 

Here, therefore ; — 

(1000 X 13-6 X 981 )x X (1- 0002 x 273) 
(Jx 032)= ^7 - - 

J = 4*1 X 10’ ergs per calorie. 

Note that s is in mechanical units (0*032 

‘ o. 
l3-6 

solute temperature corresponding to 0® C. (273). 


sq, cm., V is the volume of unit mass ^ 


X J), p' is in dynes per 
cm, ), and T is the ab- 


(8) One gram of air at 0° C. and under a pressure of 
1 megadyne per sq. cm. has a volume of 783 c.cm. Air at 
0^ C. is forced through in the porous plug experiment, the 
pressure on one side being 3*689 atmospheres, and on the other 
1*004 atmospheres. The temperature falls *6761°. Find the 
absolute zero. (Coefficient of expansion = ^4^*) 

T = /4- --1343^ / 

o„ p,v„ (log P-log jT)’ 

rp _ Q 1 _ -4343 X (-24 X 4-2 X 10’) X (:-j;67^) 

10“' X 783 X J X (log 3 689 - log 1(X)'4) 

_ 0,0 , -4343 X (-24 X 4-2 X 10’) X -6761 X 272 
10« X 783 X -54989 

= 272 + 1-87 

= 273-87. Aba. zero = - 273 87°. 
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(9) An engine consumes 3 pounds of coal per horse-power 
per hour. The heat developed hy the combustion of 1 pound of 
coal is capable of converting 15 pounds* of water at 100° C. into 
steam at 100° 0. Find the efficiency of the engine, (J = 1390). 


1 lb. of coal produces jnnind-degree-C. units of ‘heat. 

.’. 3 1b. „ „ produce 3x15x537 „ „ „ „ m m 

That is, the heat absorbed by the engine per hour is 
3 X 15 X 537 pound‘degree-C, units. 

And the work performed by the engine per hour is equiva- 
lent to — 

”^^i390 units. 


Therefore, the efficiency of the engine is given by — 


e 


h _ 33000 X 60 

H 1390 x 3 x 15 x 537 


= 0*0589 = 5*89 per cent. 


(10) An engine gives one horse power for an hour for each 
2 lb, of coal consumed. The heating value of the coal (best 
Welsh) is 16,000 B,Th.U, per lb. What percentage of the 
heat in the coal is spent in mechanical work ? 

The feed water enters the boiler of the above plant at 252° F., 
and for each pound of coal comumed 10 lb, of water are turned 
to steam, the steam pressure being 175 lb, per sq. inch. What 
percentage of the heat in the coal is taken up hy the 
steam leaving the boiler ? 

The engine gives one horse-poiver for an hour for every 20 lb, 
of steam supplied to it. The steam is exhausted and con- 
densed at 140° F, What percentage of the energy of the 
steam is spent in mechanical work? 

(a) H = Heat supplied to engine per hour 
= 16000 X 2 = 3^000 B.Th.U. 

Work done by engine per hour 

= 33000 X 60 = 1980000 ft.-pounds. 

li = Heat equivalent to this = B.Th.U. 

••• ^ X 100 = 

= 8 * 0 , 
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(b) From tables, the total heat of steam at 175 pounds 
pressure is 1195 B.Th.U. (approx.). The sensible heat of 
water at 252° F. is 252 — 32, t,e. 220 B.Th.U. Hence every 
pound of steam in the boiler has been given 1195 — 220, i.e, 
975 B^Th.U. Thus 10 lb. have received 975 X 10, i.e. 9750 
B.Th.U., and the heating value of the 1 lb. of coal consumed 
is 16000 B.Th.U. 

.*. Percentage required = yWou ^ 

= 61. 

(c) Total heat of 1 lb. of steam entering the engine 
= 1195 B.Th.U. 

Heat in 1 lb. of water at the condenser at 140° F. 

= 140 - 32 = 108 B.Th.U. 

Heat available per 1 lb. of steam 

= 1195 - 108 = 1087 B.Th.U., 
and heat available per 20 lb. of steam • 

= 1087 X 20 = 21740 B.Th.U. 


Now, work done by engine per hour 

= 33000 X 60 X 1980000 ft. -pounds, 

and heat equivalent to this = 

, -o ^ . , 1980000 X 100 

Percentage required = - - 

= 117. 

Clearly the boiler is the most efficient item of the plant. 


The Three Fundamental Equations of the Kinetic 
Theory of Gases. — For reference, the various forms are 
summarised below : — 

(M.K.E. per mass m = Imu^. 

First FundamtTttal Equation M.K.K. per unit volume = 

(Mean M.K.E. per molecule = l/JiuK 

Second Fundamental MqmUion g = volume. 

= 3RT. 

Third FundanuiiUal Equation •< M.K.E. per unit mass = |RT. _ 
(M.K.E. per grra. molecule = |RT. 


where M.K.E. = molecular kinetic energy, u = velocity of 
mean square of the molecules, p = absolute density, /a = 
w. F. 6 
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molecular mass, T = absolute temperature, E = gas constant 
(dealing with unit mass), and E = absolute gas constant 
(dealing with the gram- molecule). 

Worked Example. — (11) Find the M.K,E. per gram-mole- 
cule of any gas at 27^ G. Find also the M.K.E. of 1 grm. of 
oxygen at 27° 0. and the velocity of mean square of its mole- 
cules {Jude). 

Since E referred to megadynes per sq. cm. = 83 approxi- 
mately (prove this) the M.K.E. per grm. -molecule = |ET = 
I X 83 X (273 + 27) = 37,350 megalergs. 

Molecular mass of oxygen = 32, its grm. -molecule = 32 
grins. Hence M.K.E. per grm. of oxygen = 37,350/32 = 
1107 megalergs. 

Again, M.K.E. grm, = .% \u^ = 1167, i.e. ?r = 

2334, or u = 48 decametres per sec. = 48,000 cm. per second. 


Ezercisai Z. 

(1) Assuming that the mass of a ciibio foot of steam at 100'’ C. and 
760 mm. pressure is 240 grains, find what fraction of the latent heat 
of steam is consumed in doing external work, i.e. in lifting the 
atmosphere. 

(2) How can the amount of work done against external pressure 
during change of volume be expressed numerically ? 

1 gram of air is heated under constant pressure from 0® to 10® C. ; 
determine the work, either in erys or in centimetre-grams ^ due to the 
expansion. 

(3) Distinguish between the speoifio heat of air under constant 
pressure and its specific heat at constant volume. Show how, 
from a knowledge of the two specific heats of air, together with its 
density at given pressure and temperature, the value of the mechanical 
equivalent of heat may be computed. 

(4) Given that the ratio of the two* specific heats of air is 1*41, and 
that the work done during expansion, at normal pressure, by 1 gram 
of air when its temperature is raised from O'* C. to 1" C. is 2926 centi- 
metre-grams, find the value of the two specific heats. 


(5) An engine consumes 40 pounds of coal of such calorific power 
that the heat developed by the combustion of 1 pound is capable of 
converting 16 pounds of water at 100® C. into steam at the same tern- 
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perature, and during the process the engine performs 16,000,000 foot- 
pounds of work. What percentage of the heat produced is wasted ? 

• 

(6) What is the efficiency of an e^ino which consumes 28 pounds of 
coal in drawing a train one mile against a resistance equal to the weight 
of 14 tons, the calorific power of the coal being such that 1 pound is 
cap^l& of converting 16 pounds of boiling water into steam at the 
same temperature ? 

(7) What heat must be given to 1 lb. of water at 80'’ F. to convert 
it into steam at 300^ F. ? How many pounds of this steaTn are equiva- 
lent in total heat to the calorific power of a pound of best Welsh coal? 

(8) In a steam boiler the steam pressure was 150 lb. per square inch 
absolute, and the temperature of the feed supply 120“ F. The heating 
value of the coal was 15,200 B.Th.U. per lb., and 11 lb. of water were 
evaporated per lb. of coal burned. What percentage of the heat of the 
coal was taken up by the steam leaving the boiler. The steam is 
assumed dry. 


(9) An engine gives 1 H.P. (indicated) for a consumption of 15 IH. 
weight per hour of dry steam at a pressure of 195 lb. per sq. inch 
absolute in the steam chest. How much heat would be suppliecl to the 
engine per I. H.P. per hour? 

(10) How much heat per I.H.P. per hour is available for conversion 
into work in the case of the engine in Question 9, given that conden- 
sation is at 130° F. ? What percentage of this is really converted into 
work ? 

(11) The volume of I gram of air at 0’ C. and a pressure of 10® dynes 
per sq, cm. is 783*8 c.c. ; at 2 x 10® dynes it is 391*0 c.c. Air 
expanding through a porous plug from 2 x 10® to 10® dynes pressure 
is cooled *25“ C. The specific heat of air at constant volume is *17. 
How much of the observed cooling is due to work done in the change 
of volume ? How much would air at a pressure of 2 x 10® dynes be 
cooled if it expanded to double its volume without doing external 
work? 

(12) Air at 16° C. is forced through a porous plug, the pressure on 
the two sides of the plug being ^*943 lb. per sq. inch and atmospheric 
pressure (14*777 lb, per sq. inch) respectively. The air is cooled 
0*105° C. in passing through the plug. Determine the absolute tem- 
perature on the thermodynamic scale corresponding to the initial 
temperature of 16° C. 

Specific heat of air at constant pressure ~ 0*2375. 

Coefficient of expansion of air = 0*003665. 



CHAPTER XI. 


ISOTHERMAL AND ADIABATIC CHANGES: 
CARNOT’S PERFECT ENGINE AND APPLICATIONS 
OF CARNOT’S PRINCIPLE: ENTROPY. 

Formulae for Calculations. — (1) Isothermal Changes. 
The relation between P and V during these changes of a 


perfect gas is : — 

PV = a constant or P^V, = P^Va (1) 

and the work done during, say, an isothermal compression 
(work done on the gas) is : — 

W = P.V, (or P.VJlog. 

= P,V. (or P,V,)log., -Ji-x 2-3026 (2) 

’ 2 


where PpVj = initial and PajVa = final conditions. For 
expansion (work done by the gas) we have W = PiVi (or 

P,V,)log. 

(2) Adiahatic Changes . — In the following, y = ratio of 
the specific heat at constant pressure to the specific heat at 
constant volume and T = absolute temperature. 

(a) Relation between P and Y : — 

PV^ = a constant or 

(h) Relation between V and T ; — 

= T.V,'"'* 

84 
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(c) Eelation between P and T : — 

(l:r =(?:)’ ® 

and the work done during, say, an adiabatic compression is : — 

W = (6) 

7-1 

while for expansion we have W = (PiV, — — I). 


(3) Adiahatics of a Saturated Vapour. — In the case of 
a sahirated vapour undergoing an adiabatic transformation ; — 

» log« T = a constant (7) 

where a;= dryness fraction (Chapter VII.), L = latent heat of 
the vapour, s = specific heat of the liquid, aud T = absolute 
temperature. 

• 

(4) Elasticities of a Gas. — The isothermal elasticity of a 
gas is equal to the pressure : the adiabatic elasticity is equal 
to y times the pressure. 

(5) Efficiency of a Perfect Heat Engine. — The efficiency of 
Carnot’s perfect heat engine is given by ; — 

Efficiency = ? 1 ( 8 ) 

where H = heat taken from the source^ h = heat returned to 
the refrigerator, S = absolute temperature of the source, and 
T = absolute temperature of the refrigerator ( .*. H - h 
= heat converted into work). Strictly thermodynamic tem- 
peratures are meant, but it is not usual to be so precise, and 
in calculations the absolute temperatures in the elementary 
sense are used (273 + 

Note that (H - A)/H is the thermal efficiency of any engine (steam, 
gas, etc.) where H = heat taken from the “ hot ” body (the “ boiler 
and h — heat rejected as waste to the “cold” liody (the “condenser” 
or “exhaust”) as is indicated in Chapter X., but the value of this for 
an actual engine will be less than for Carnot’s engine working between 
the same two temperatures. Further this ** thermal'* efficiency 
(H - A)/H for an actual engine is still greater than its practical” 
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efficiency, for all the heat taken is not spent in use/vl work : there is 
waste work done against friction, etc., and to estimate the practical 
efficiency this must be deducted. When (S — T)/S is worked out for 
an actual engine it is called its ** theoretical'’' efficiency. 

(6) Influence of Pressure on Temperature of Fusion and 
Vaporisation. — A convenient formula for calculations ic : — 

_ V X T X dV 
Ij 


where (in the case say of fusion), L = latent heat of fusion 
in dynamical units, v = difference in the volume of unit mass 
in the solid and liquid states, T = absolute temperature of 
molting point. dT = change in temperature of fusion due to 
change of pressure dP. The letters will have their corre- 
sponding meanings in vaporisation. Theoretically dP should 
be infinitesimally small, but in fusion the formula holds even 
for fairly large changes : in vaporisation dP must be small, 
but not necessarily intinitesimally small. 


(7) Entropy Changes. — (a) General statement. — If 
Hp Hg, Hg, etc., be quantities of heat (in mechanical units) 
received by a body at absolute temperatures Tp Tp Tg, etc., 
the total change in entropy of the body is 



T, 


+ + etc, 


•> 


In practical engineering H is more often expressed in thermal units 
and the entropy is said to be in ranks : thus if a body receives 1000 
thermal units at a temperature of 500 its entropy increase is 2 ranks. 


(6) Change in entropy of a gas due to an isothermal change . — 
If say unit mass of a gas at pressure Pj and absolute tem- 
perature Tj expands isothermal ly from volume to volume 
Vg the increase in entropy is 

log. = (y - 1) J log.^ ... (10) 

where y = ratio of the specific heat at constant pressure to 
that at constant volume (5p) and J = mechanical equivalent 
of heat. In isothermal contraction this gives the decrease in 
entropy. Along an adiahaiic the entropy is constant. 



THERMODYNAMICS. 


87 


(c) Change in entropy of a substance due to a change in tern'- 
perature, — The most convenient formula (for unit mass) is : — 


( 11 ) 

wher^ 8 = the specific lieat and T^, = final and initial 

absolute temperatures. 


(d) Change in entropy of a gas due to a change from volume 
Fj and absolute temperature T, to volume o^id absolute 
temperature — In the case of a gas the 'heat goes partly in 
raising the temperature and partly in doing external work, 
the latter being appreciable owing to the marked expansion. 
The result follows from the preceding and the student will 
readily see that (for unit mass) : — 

— </>!= + J (*1. — *») log y® 

= + (y— 1) J.s..logy» (12) 


(c) Change in entropy of a substance due to a change in 
state, — In this case, let m = mass of a liquid, vaporised at 
absolute temperature T, and L = latent heat of the vapour, 
then the increase in entropy is : — 


JmL 

T"" 


( 13 ) 


In condensation this gives the decrease in entropy. The 
same formula holds for melting and solidification. 


(8) Second Law of Thermodynamics. — For reference, 
four forms of this law are summarised below. As given in 
the first three forms the first law of thermodynamics is not 
involved : the fourth form involves the idea of the first law, 
however. . 

(a) Carnot's form : It is impossible for any mechanism to transfer heat 
from a body at a lower temperature to one at a higher temperature 
except by the expenditure of external work on it. 

{})) Clausius's form : It is impossible for a self-acting machine unaided 
by any external agency to convey heat from one body to another at a 
higher temperature. 
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(c) KelvirCs form : It is impossible by means of inanimate material 
agency to derive mechanical effect from any portion of matter by cool- 
ing it below the temperature of the coldest of surrounding objects. 

(d) MaxwelVa form : It is impossible by the unaided action of natural 

processes to transform any part of the heat of a body into mechanical 
work except by allowing heat to pass from that body into one at a 
lower temperature. , 

It may hurt the feelings of the student to say that, as far as actual 
heat engines are concerned, the second law means that the boiler must 
be hotter than the condenser. 


(9) The Pour Thermodynamic Relations. — For refer- 
ence, these also are summarised below : — 

First Thermodyruimic Relation : Isothermal entropy -increase per 
unit volume- increase = Isometric pressure-increase per unit tempera- 
ture-increase, t.c. 

(Iv / T constant \ jv constant. 

Second Thermodynamic Relation i Isothermal entropy-det’rca.^e per 
unit pressure-increase = Isopiestic volumo-inoreaso per unit tempera- 
ture-increase, i.e. 

\ dp) constftnt constant. 

Third Thermodynamic Relation : Isentropio temperature-decreotj^c 
per unit volume-increase = Isometric pressure-increase per unit entropy- 
increase, i.e. 


Fourth Thermodynamic Relation : Isentropic temperature-increase per 
unit pressure-incioase = Isopiestic volume-increase per unit entropy- 
increase. 

\dp)^ constant \dip )p constant. 


=(^p\ 

\ dv / constant \dd> / ^ constant. 


\/Worked Examples. — (1) Four cubic feet of air at 0° 0. 
and 76 cm. pressure are compressed isothermally to 1 cubic 
foot. Find the final pressure and the work done during the 
change {in gram centimetres). 


(a) 


P.= 


P,V, = P,V,. 
P,V, _ 76 X 4 


= 304 cm. 


W = P,v, X 2-3026 X log^. 


(V) 
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To obtain the work in gram-centimetres, P, must be in 
grams per sq. cm. and Vj in cubic cm. 

W = (76 X 13-6) X (4 X 28320) x 2 3026 x log f. 

= 76 X 13-6 X 4 X 28320 x 2*3026 x *6021 
= 162 X 10® gram-centimetres (approx.). 

(2) Two cubic feet of air at 0° 0. and 76 cm. 'pressure arc 
compressed adiahatically to half the volume. F^d the final 
pressure and iemperaluret and the work done, (y = 1*41.) 

PiV,^ = 

76 X 2’' z=: P, X 1'*' 
log 76 + 7 log 2 = log P, 
log P, = 1-8808 + (1-41 X -3010) 

= 1-8808 + -4244 = 2-3052. 

.'. Pj = 202 cm. 

(5) T,V’-‘ = T,V,^-^ 

273 X 2'>''* = T,1'^"* 
log 273 + (r — 1) log 2 = log 
log T, = 2*4362 -f (-41 X ’3010) 

= 2*4302 -f *1234 
= 2*5596. 

/. T, = 362*7^ abs. = 89*7® C. 

(c) W = 

As in Example (1), to ’obtain the work in gram-centi- 
metres we have *. — 

^ ^ (202 X 13*6) X (1 X 28320) -(76 X 13*6) x (2 x 28320) 

*41 

_ 13 6 X 28320 X 50 _ ^ ^^7 gj-am-cm. 

■41 
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As further practice, the reader should obtain the solution for P 2 in 
pounds per sq. inch and W in foot-pounds. In (a) Pj = 14*7 lb. per 
sq. inch, and the solution becomes : — 

14-7 X = Ps X (I)'"*' 

which giv.e8 Pj = 39*065 pounds per sq. inch. In (c), if W is to be in 
foot-pounds, Pj and P.^ must be in pounds per sq. foot, and Vj apd V 2 
in cubic ft., and the solution l^ecomes 

y\T ^ (30*065 X 144) x I - (14*7 x 144) x 2 
•41 

which gives W = 3394 foot-pounds. 

(3) Steam just saturated at 120” 0. expands adiahatically^ 
and the temperature falls to 100” 0. How much of the total 
mass of steam is condensed t 

Using formula (7) we have: — 

Case l.—o?, = 1, Tq = 606*5 - (*695 X 120) = 523 
T, = 273 + 120 = 393, « = 1. 

+ « log, T, = III + log. 393 (a) 

Case 2. — x.^ is required. L. = 606'5 — (’695 X 100) = 537. 
T, = 273 + 100 = 373, s = 1. 

/. + s log, T, =-** 37 ^- -1- log. 373 (6) 

Now, (a) = (6), 

*. + log« 373 = III + log, 393. 

.*. l*4a-2 = 1*33 + loge III = 1*33 + *0522, 
i.e. l*4.r.j = 1*3822 or = *98 approx. 

Thus (1 — *98), i.e. *02 of the total mass is condensed. 

(4) Find the theoretical efficiency of an engine in which the 
steam pressure in the boiler is 180 lb. per square hich, the 
steam being ejected from the cylinder at a temperature of 
100” G. 

The steam temperature corresponding to a pressure of 
180 lb. per sq. inch is (from tables) 188” 0. 
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Temperature of boiler = 188° C. = 461 abs. 
and temperature of^^‘ condenser = 100° C. = 373 abs. 

“ Theoretical ” efficiency = ~ = « 

^ S 461 . ^ 

• = 19*1 per cent, (approx.). 

The thermal ” efficiency would be about 10 per cent. 


(5) If a steam engine works between 3*20° F. and 130° F., 
and the ratio of its effieiencg to that of a Carnot's perfect 
engine is *55, how many B.Th,U, would it require ])er horse- 
power per minute ? 


Efficiency of the Carnot’s engine 

_ S ~ T _ (i61j;1^320) - (461 + 1^) 
" S 461 + 320 


_ 320 - 100 
~ 461 + 320 


28*2 per cent. 


Eflicicncy of given engine = *55 of 28*2 = 15*5 per cent. 
Now, 1 horse-power = 33000 ft.-pounds per minute 

= = 42*4 B.Th.U. per minute. 

.’. Engine requires 42*4 x i-c, 274 B.Th.U. 

lo’o 


(6) The pressure of water vapour at 100° C, is 76 cm. ; at 
99*9° C. it is 75*7286 cm., and the density of steam at 100° C. 
and 76 cm. is 1/1668*5. By conndering the work done when a 
gram of water is turned into steam at 100° C. and condensed 
at 99*9° 0., show that the latent heat of vaporisation of water at 
100° is about 536. 

. ^ \ grm. of steam at 100° C. and 76 cm. pressure = 1 c.cm. 

1668*5 

.*. 1 grm. of steam at 100° C. = 1668*5 c.cm. 
and 1 grm. of water at 100° C. = 1 c.cm. (approx.). 

,*. Increase in vol. when 1 grm. of water is vaporised at 
100° C. = 1667*5 c.cm. 
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Now, the difference in the pressures at 100® C. and 99’9® C. 
= (76— 757286) = ‘2714 cm. mercury = ('2714 X 13*6 x 981) 
= 36260 dynes. Hence, if a gram of water be turned into 
steam at 100° C. and condensed at 99'9° C., the work done 
= (36260 X 1667 '5) = 6046400 ergs. 

■ Work done _ = S -_T 

Heat (in mechanical units) taken in at iOO' C. S 

.*. Heat taken in at 100® C. (in mechanical units) 

o 

= - — X work done 
b — 1 


= X 6046400 = 22553 X 10« ergs. 

But the heat taken in by the 1 gram of water at 100® C. 
= the latent heat. 

Latent heat = = 535*74 calories. 

4'2 X 10^ 


V’ (7) The change of volume of 1 gram of sulphur on melting 
is *027 c.c. Its melting point is 115® 0., and its latent heat of 
fusion is 9*4. Find the change in melting point due to a 
pressure of 100 atmospheres. 

Applying (9) we have in this case : — 

L = 9*4 X 4*2 X 10^ ergs ; v = *027 c.cm. ; 

T = 388® abs. ; dP = 100 x 1033 x 981 dynes per sq. cm. 

. ^ _ >027 X 388 X 100 X 1033 x 981 
9-4 X 4*2 X 10^ 

= 27® C. 

(8) Calculate the latent heat of steam at 100® C, given that 
an increase of pressure of *00364 megadyne per sq, cm, raises 
the boiling point from 100® C, to 1001° C., that the volume of 
1 gram of steam at 100® C, is 1645*55 c.c., and that the volume 
of 1 gram of water at 100° G, is 104 c.c. 
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Here dT = *1° C. ; v = 1644*51 c.c. ; 

T = 373° abs. ; = *00364 x 10® dynes per sq. cm. 

. .1 1644*51 X 373 x *00364 x 10® 

Lx 4*2x107“ 

• 4-2L = 1644*51 X 373 x 00364 

T 1644*51 X 373 x *00364 
L = 

= 531*6. • 

^ (9) Find the change in entropy of a cnhic foot of air at N.T.P. 
in exjmnding isothermally to double the volume. {TaJce y 
= 1*41 and J == 1390 foot-pounds). 

From (10) we have : — 

'/>a — </>i = I (7 — 1) J*' log« -y* I X m, 

where m = mass of 1 c,ft. of air at N.T.P. = *0807 poun^. 
Further, Sv = *1688 : hence : — 

c/)^ - = (-41 X 1390 x *1688 X log,o 2 x 2*3026) X *0807 

= *41 X 1390 X *1688 x *3010 x 2*3026 x *0807 
= 5*38 (using foot-pound- degree-C. units). 

^(10) A certain mass of gas is caused to expand isothermally 
to N times its volume. The same mass of the gas under the same 
initial conditi&ns of temperature, pressure, and volume is then 
caused to expand at constant pressure (fsopiestically) to N 
times its volume. Compare the changes in entrbpy in the two 
cases. (7 = 1*4.) 

Case 1. — Isothermal. 

If m be the mass of the gas : — 

Change in entropy = |^(‘y — 1) Isv X m 

= (y - 1) X J X X log« N X w. 

Case 2. — Isopiestic. 

Use the formula : — 

Change in entropy = log* X w. 
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The specific heat in this case is that at constant pressure, 
viz. y«r, where Svt as above, is the specific heat at constant 
volume. Further, in this case (change in volume of gas at 
constant pi-essure) TJT^ == VJV, = N. 

Change in entropy = J X ysu X log^ N X m. . 
Hence ; — 

Entropy change in Case 1 (isothermal) _ y — 1 _ _ . 2 g 

Entropy change in Case 2 (isopiestic) y 


Exercises XI. 

(1) Find the work done in compressing isothertnally a cubic foot of 
nir at normal temperature and pressure until it occupies half a cubic 
foot. Find also the heat which niuat be communicated to a cubic foot 
of air at normal temperature and pressure if it expands isothermally 
to a volume of two cubic feet. (Normal pressure = 14*7 lb. to the 
square inch ; normal temperature = 0" C.). 

(2) A cubic metre of air is at 27° C. and 1*0333 kilogrammes per sq. 
cm. pressure. Find by how much the volume must be increased in 
order that the pressure may be reduced to one half, the change taking 
place adiabatically. Calculate also the final temperature of the gas 
and the work done during the change. 

(3) What is the maximum possible efficiency of a reversible engine 
whose boiler is at 140° 0. and condenser at 30^ C. ? 

(4) What is the maximum possible efficiency of a heat engine which 
has as a source of heat a mass of water at 100'" C., and as a refrigerator 
a mass of water at 20® C. ? If this engine takes 500 units of heat from 
the source, how many units does it return to the refrigerator ? 


(5) Find the efficiency of an engine using 1 lb. of coal per horse- 
power hour, the calorific value of the coal being 8,000 calories per 
gram. Compare this with the efficiency of a Carnot’s perfect engine, 
in which the source is at 1,(X)0® C. and the refrigerator at 0“ C. 

(6) During a Carnot’s cycle of operations the working substance 
gave out 1,000 pound-degree-C. units of heat and did 160,000 foot- 
pounds of work : find the amount of heat taken in at the source. 

(7) Would more work be obtained from 10 grams of a working sub- 
stance cooled from 100° C. to 0° C., or from 1,000 grams cooled from 
1° C. to 0° C. ? Compare the work in the two oases, assuming each to 
be a perfect reversible engine. 
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(8) The melting-point of phosphorus is 44“ C. and its latent heat of 
fusion is 5*2. Tiie density of the solid form is 1 -83 grm. per c.cni., and 
1 o.cm. of the solid at expands to 1'017 c.om. at the melting 
point, and becomes 1 *052 c.om. on melting. Calculate the change in 
the melting point due to a change of pressure of 10 atmospheres. 


(9) Find the mass of water deposited when a pound of steam exactly 
saturated at 200'^ C. is allowed to expand adiabatically to 0® C. 

(10) Being given that the latent heat of water = 80, ^iid that the 
density of ice (water = 1) = 0*918, find the inoreose of pressure required 
to cause a loweiing of 1“ C. in the melting point of ice. 

(11) Determine by how much the ordiiiary boiling point of water is 
raised if the preasiue is increased by *1 atmosphere. 

(12) Kind the change in entropy of a cubic foot of air, originally at 
a pressure of 14*7 lb. to the 8(juare inch and a temperature of 0“ C., 
which is allowed to expand isotherinally to occupy three times its 
volume. 


(13) A quantity of water is first heated from 0'“C. to 100® C., and is 
then vaporised under atmospheric pressure. Compare the increases 
of entropy in the two processes. 

(14) A certain volume of air at 0“C, and atmospheric pressure is 
suddenly compressed to^^ of its original volume. Find the momen- 
tary pressure and temperature at the end of this process and the work 
done. (Take y = 1*408 and logK, 2559 — 3*408.) 

(15) A mass of saturated steam has a dryness fraction of *9 and is at 
a pressure of 160 inches of mercury. It expands adiabatically to 
atmospheric pressure. Find the new dryness fraction, 

(16) Determine the change in the entropy of 1,000 grams of water 
on freezing at 0® C. 



CHAPTER XII. 


MISCELLANEOUS PROBLEMS IN HEAT ENGINES. 

Note. — In tliia chapter formulae are introduced as required. They 
are, liowever, not given merely to enable the problem to be solved. 
All are fundamental and importantf and must he remembered. 

Worked XSxamples. — (1) What weight of air must he 
supplied for the complete combustion of 1 Ih, of carbon? 


The “composition ” of the atmosphere is usually taken as : — 

4 parts of nitrogen (N) to 1 part of oxygen (0) by volume, 

7 ,, ,, „ „ 2 parts „ „ „ weight. 

More exactly ; - 

79 parts of nitrogen (N) to 21 parts of oxygen (0) by volume, 
77 „ „ ,, „ 23 „ ,, ,, „ weight. 


Ill the problem : — C -f = CO.^, 
and, taking the atomic weights of carbon and oxygen as 12 
and 16 respectively, we have : — 

12 lb. of carbon require (16 X 2) = 32 lb. of oxygen. 

/. 1 lb. „ „ requires lb. of oxygen. 

But 23 lb. of oxygen mean 77 -f 23 = 100 lb. of air. 

.’. 1 lb. of oxygen means lb. of air. 

.*. If lb. of oxygen mean x f| = 11’6 lb. of air. 

Hence 1 lb. of carbon requires 11*6 lb. of air*, in practice 
something of the order of 20 lb. would be required. 

(2) Find the Calorific Value of \ lb, of ethylene or olefiant 
gas, {Calorific Values of hydrogen and carbon per lb, = 61,260 
and 14,540 B,Th,U, respectively'). Olefiant Oas = C^H^, 

96 
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In the case of olefiant gas there are (2 x 12) = 24 lb. of 
carbon and (4 X 1) = 4 lb. of hydrogen in 28 lb. of the gas : 
hence in 1 lb. of the ga§ there are ^ lb. of ca,rboii and ^ lb. of 
hydrogen. 

Heating value of f lb. of carbon = ® x 14,540 = 12,463 
B.Th.F. 

Heating value of I lb. of hvdrogen = i x 61,260 = 8751 
Pi.Th.U. 

.*. Calorific value of 1 lb. of the gas C 2 H 4 = 21,244 B.Th.U. 

(3) A certain Welsh coal has the following percentage com- 
position : — Carbon^ 87*49 ; Hydrogen^ 3*66 ; Oxygen, 2*69 ; 
Nitrogen, 1*17; Sulphur, ‘79; the remainder being ash and 
moisture. Find the calorific value of the coal per lb. 


In calculating the Calorific Value of any fuel, the various chemical 
constituents ot the fuel are considered separately. The following 
figures show the number of B.Th.U. obtained from the combustion of 
1 lb. of the elements met with in practice : — 

Carbon (C)— burnt to COj = 14,540 : Carbon — burnt to CO = 4,450 : 
Hydrogen (H) = 61,200 ; Sulphur (8) = 4,000. 

From these figures the following formula is obtained : — 

Calorific value per pound of fuel (B.Th.U.) 

^ 14,540C + 61,260 (H - 0/8) + 4,000S, 

the quantity 0/8 being subtracted from H because 0/8 of the H will be 
in the form of water, and therefore (H - 0/8) is the H available for 
heating. 

In the case of the given coal, we have^^er lb.,Q = 87*49/100 
= *8749 Ib^H = *0366 lb., O = *0269 lb., S = *0079 lb. 

.'. Calorific Value 

= (14540 X -8749) + 61260 ( -0366- 

= 14,790 B.Th.U. per lb. 

(4) The percentage analysis by volume of a producer gas is 
H = 16, CO = 20, OOj = 6, JV' = 58. Determine the Calorific 
Value per c.ft. at standard temperature and pressure. Calori- 
fic Value of \ lb. of carbon burning to CO^ = 14,500 ; to CO, 
4.400 ; of H- 62,000 B.Th. U. The volume of 2 lb. of H at 
standard temperature and pressure = 357 c.ft.) 
w. p. 


(4000 X -0079) 


7 
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Weight of 1 cu.ft. of H = 2/357 lb. = -00541 lb. 

100 cu.ft. of gas coutaiu 16 cu.ft., i.e. 16 X *00541 lb. of H. 

1 f4. u , . 16 X *00541 ,, p tt 

i.e. 1 cu.lt. of gas contains lb. or H. 

Calorific value of H i _ 16 x *00541 x62000__^g.g g rpj^ U 
per cu.ft. of gas } 100 


Again, since the relative densities of compound gases are 
proportional to half their molecular weights, and the molecular 
weight of carbon monoxide (CO) is 28, we have : — 


Weight of CO per cu.ft. = -00541 X 14 = -0757 lb. 


Further, since 12 lb. of carbon make 28 lb. of CO, 1 lb. of 
CO requires lb. of carbon. 

.*. Calorific value of CO per lb. = (14500 — 4400) 

= 4,330 B.Th.U. nearly. 

.-. Calorific value of CO ) _ -0757x4330x20 _ jj 

per cu.ft. of gas ^ 100 


.-. Total calorific value of gas 
per cu.ft. 


j=536+65-7 


119-3 B.Th.U. 


(5) A boiler shell is Sfeet in diameter^ and the metal is 
J inch thick. If the steam pressure is 120 pounds per square 
inch, calculate the stress on circumferential and longitudinal 
sections. 


The stress in lb. per s(][uare inch on a circumferential section of a 

boiler shell is given by the formula where D = internal diameter 

At 

of shell in inches ; p — fluid pressure in lb. per square inch ; and t — 
thickness of ^te in inches. The stress on a longitudinal section of 

the shell = lb. per sq, inch, ».c. it is twice the stress on a circum- 

ferential section. The force tending to burst a boiler along its length 
is twice that tending to blow the ends ofl*. 

In the example given, stress on circumferential section 
= ~ 5,760 lb. per sq. in. Stress on longitudinal 

section = 2 (5760) = 11,520 lb. per sq. in. 
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(6) Compressed air at 120 lb. per sq, inch ahsohtte is drawn 
into a cylinder, and isjhen expanded to (> times its original 
volume. Determine the mean absolute 2 ^res 6 nre (a) if the tern- 
2 )eratnre is constant, (?)) if the cylinder is non-conduct imj and 
y = r408. If the initial temjwrature is 70° F., find the final 
temperature in the latter case. 

This can be worked out by the formulae of Chapter XT., 
thus : — • 


(rt) Isothermal Expansion (see clia^am, p. 100). 

Area of diap^ram 

Mean pressure = p,n = ~ All 


i.e. 


P,V,+P,V, loR,. 

vr 

120 X 1 


V,' 


= I’* (l + log, V, ) = (1 + log, C) 


= 20 (I +■ 1-79) = 55-8 lb. per sq. inch. 

(Z>) Adiabatic Expansion (see diagram). 

p V 4 . ~ 


, f A rea of d iagram 

Mean pressure = jhi = a u ~ 


AB 


V 2 


/ i-sy.N 

('•■-'in 


Hence j;, 


_P,V,| 


= 120x1 (1 + Izlliv 20 ri+in:^^ 
6 V ^ -408 } Mw ^ -408 j 

= 45 4 lb. per sq. inch. 
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(r) Final Temperature in (h) : — 

T., 1 . 1 '. 1 ^JL 

T, \Vj " 70 + -t(>l 208 

2’o = = 2r)4-6‘’ F. abs, =- 205-4" F. 

2*08 



(7) Steam enters a cylinder at 180 lb. j>ycssnre per sq. Inch 
(absolute) is cut off at one4hird of the stroke and expands 
according to the law pv = constant. The hack pressure is 
17 lb. (absolute) per sq. inchf the area of the cylinder is 
112 sq. inches^ and the stroke 24 inches. Find the mean 
effective pressure^ the average pressure absolute during the 
forward stroke, and the work done m one stroke. 


The mean efTective pressure is, in practice, obtainetl from the indi- 
cator diagram. A formula also frequently employed is as follows : — 

where p^n — mean effective pressure of steam, p^ = initial absolute 
pressure or pressure on admission to cylinder, r — expansion ratio, 
i.e. ratio of volume at end of stroke to volume at point of cut off and 
— absolute back pressure. The formula assumes the expansion to be 
pv = constant. In practice, is really less than the value obtained 
above, and for greater accuracy the expression on the right must be 
multiplied by a factor less than unity called the “ diagram factor.’* 


(a) Mean effective pressure. Applying the above formula 
we have : — 

= 180 ^ - 17 = 60 (1 + 1-0986) — 17 

= 109 lb. per sq. inch approx. 
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(h) Mean absolute Assuming constiiiit the 

mean absolute pressure is 109 + 17 ^ 1261b. per sq. inch. 

(c) Work done per stroke. Here 2>m = 109 lb. per scp inch, 
Area of piston = 112 sq. inches, Stroke = 2 feet. /. Total 
pressure = (109 x 112) lb. 

Work done = (109 x 112) x 2 = 24,416 foot pounds. 

(8) A steam engine has a cylinder 20 inches in diameter, 
the crank measures 18 inches from the centre of th(Pcrank shaft 
to the centre of the crank the engine runs at 85 revolutions 
per minute, and the mean effective pressure of the steam on the 
piston is 28 lb. per sg. inch. Find the l.H.V. If the B.H.P. 
be 107*5, what is the mechanical efficiency I 

The “ indicated horse-power'^ (l.H.P.) of a steam engine is given by 

the formula PLAN] 

.j3U0U 

wliere L = length of stroke in feet, A ~ area of piston in Sfp inches, 
and N = revolutions per minute (.*. 2N = numl>er of strokes iidl* 
minute). 

In the case of gas and oil engines we have : — 

I.H.P. = IPALBJ 

where P — - j)\) in wliich p., — mean pressure during the working 

stroke, — mean pressure during the compression stroke, and K — 
number of explosions per minute. 

The horse-power as measured from the useful work done {e.y. driving 
machinery) is called the ** brake horse-power" (B.H.P.) : it is less than 
the I.H.P. because from 5 to 25 per cent, of the latter is used up in 
overcoming frictional resistance in the engine mechanism. 

The mechanical efficiency" is the ratio of the B.H.P. to the I.H.P. 


In the problem we liave : — gha = 28 lb. per sq. inch, 
A = •7854(Z^ = (*7854 x 20 X 20) sq. inches, N = 85, L = 
stroke = twice length of crank = 36 inches = 3 ft. 

. T H P = 2pmLAN _ 2^ 28 X 3 X •7854x 20 x 20 x 85 
** ' 33000 33000 

= 136 nearly. 

Mechanical efficiency = l ~ 107 5 
^ I.H.P. 136 

= *79 = 79 per cent. 
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iiefore proceeding further the student should again refer to the 
various remarks and problems on “efficiency” given in Chapters X. 
and XI. and should study these in conjunction with the various 
“effioiencv” problems which follow in this chapter. It may be 
briefly indicated, however, that the user of a plant is concemea to a 
very great extent with the “ financial” aspect of the case, and whilst 
these various efficiencies are of importance to him, he has to consider, 
in addition, capital outlay, rent of floor space, running costs, etc., etc., 
and in fact his aim is to produce energy as cheaply as possible: with 
him, therefore, “cash per brake horse-power hour” is often the 
deciding factor in the choice of a plant. 


(9) Determine the indicated horse-poiver, the brake horse- 
power ^ the mechanical efficiency, the thermal efficiency, and the 
overall efficiency of a gas engine used in driving a dynamo, the 
following particulars being given : — Net mean pi^essure = 
105 lb. per sq. inch, Revolutions per minute — 164, Cylinder 
diameter = 16 inches. Stroke = 24 inches. Calorific value of 
the gas used =150 B.Th.U, per c.foot. Gas used per hour = 
5600 c, feet, Electrical load = 55 kilowatts, Efficiency of dy- 
namo = 87 per cent. 


(d) Indicated horse-potver : — From the formula (assuming 
say Otto cycle of one explosion per four strokes) we have : — 

T rr p 105 x_(;7854 x 16^ x 2 x 
” 33000 

105 X 201 X 164 


33000 


' = 104-9. 


(b) Brake horse-power : — Electrical load = 55 k.w. 
= 55000 watts = (55000 -f- 746) H.P. and the dynamo 
efficiency is 87 per cent. 


B.H.P. 


55000 

746 


ICO 

87 


= 84-7. 


(c) Mechanical efficiency : — From the definition : — 

Mechanical efficiency = ^ 

J.il.P. 104*9 

= *807 = 80*7 per cent. 

(d) Thermal efficiency : — The calorific value of the gas 
used per hour is 150 X 6300 = 795000 B.Th.U., and the heat 
appearing as work per hour is (104-9 x 33000 X 60)/778 
- 267000 B.Th.U. 
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Thermal efficiency = = 33*6 per cent. 

(e) Overall efficiency : — Here this is the ratio of the 
electrical load (in H.P.) to the I.H.P. 

Overall efficiency = “r 104*9 = 70*3 per cent. 

/ 

(10) A locomotive has two double-acting cylinders each 
17 inches in diameter and stroke 24 inches^ and the diameter 
of the driving wheel is 6 feet. The adm ission pressure (absolute) 
of the steam is 160 lb. per sq. inch and the exhaust is 20 lb. 
2 )er sq. inch. The cut-off is *4, the diagram factor *8, the 
mechanical efficiency 82 p>er cent.., and the engine is running 
at 40 miles qyer hour. Determine the I.H.P. and the T.E. 
(tractive effort). 


From (7) we have:— = 160 ^ ^ ^ — 20 

(1 + -Die) - 20 = (64 X 1-916) - 20 = 102-64 approx. 
2 * 5 

This is the ‘‘ theoretical mean effective pressure : the 
** actual ” mean effective pressure is *8 of 102*64 = 82*1 lb. 
per sq. inch. 

Now a speed of 40 miles per hour = 58*67 feet per second, 
and as the diameter of the driving wheel is 6 feet and cir- 
cumference therefore Ott feet, the number of revolutions of 
the driving wheel is 58*67/6fl, i.e. 3*11 per second. ( Strokes 
per second = 6*22). Hence ; — 

I.H.P. /or one cylinder 

_ 2 X 82*1 X 2 X (-7854 x 17*) X 3*11 _ 

650 


.*. Effective IT.P. for locomotive 

= ( of 421 ) X 2 = 690-4. 
V 100 J 


Further . — 

Work done per second = (650 x 690*4) foot pounds. 
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Tractive effort = 

Distance per second 

550 X 690*4 a A rjo 
= - = 6,472 lb. approx 



. (11) The stroke of a donhle acting steam engine is 2 ft. 
the diameter of the cylinder 15 inchesy and the diameter of the 
piston rod 3 inches. The cut off is *4 of the stroke, the com- 
pression *2 of the stroke, and the clearance 5 per cent, of the 
stroke. The holler pressure is 100 lb. per sq. inch gauge, the 
exhaust 10 lb. per sq. inch absolute, and the revolutions are 
95 per minute. Determine the I.H.P. 

*4 of the stroke = *4 of 2 ft. = *8 ft, \ 

•2 „ „ =*2of 2ft. = *4ft. I See 

5 per cent, of the stroke = y§o of 2 ft. = *1 ft. I diagram. 
1001b. per sq. inch (gauge) = 114*7 lb. (absolute) ) 

Positive area of the card 

= (1147 X -8) + 1147 X -9 X log. = 179 3 (a) 
and negative urea of the card 

= (10 X 16) + 10 X -5 X log, = 24-0 (6) 

Area of card = (a) — - (b) = 179*3 — 24*0 = 155*3. 

tt -Eir Area of card 155*3 

Hence : — Mean pressure = — = , — = — — 

.Length 2 

= 77*6 lb. per sq. inch. 



MISCELLANEOUS PROBLEMS IN HEAT ENGINES. 105 


Again: — Area of cylinder = (7854 X 15*) = 176 71 sq. in. 
Cross section of pis toji rod = ( 7854 x 3*) = 7*07 sq. in. 

= = 173-2 

It 

T TJ p 2pwLAN _ 2 X 77*6 x 2 x 173*2 x 95 _ p . o 
' * 33000 " "33000 ^ ‘ 


(12) In a jacket steam engine develoimig 645 H.P, the 
cylinder feed was 136*5 lb. per min. and the jacket feed 6*2 lb. 
Assuming that all jacket water is returned to the feed tank ^ find 
the heat supplied to engine cylinders by jackets per H.P. per 
minute and the thermal ejjiciency of the engine, if the feed 
temperature is 90° F. and the steam temperature 373° F. 


The total heat of steam per lb. at 373° F. = 1195*7 B.Th.U. 
(from tables), and the feed temperature is 90° F. ; hence : — 
Heat used per lb. = 1195*7 - (90 -32)= 1137*7 B.Th.U. 
.*. Heat supplied by jackets per min. per H.P. , 


1137 7j<J*2 
645 


= 10*9 B.Th.U. 


Again, the total steam used per minute = 136*5 -f 6*2 
= 142*7 lb., which means a heat supply = (1137*7 x 142*7) 
B.Th.U., and the heat tninsformed into work per minute 
645 X 33000 


778" 


B.Th.U. 


.*. Thermal efficiency 


: ^00 = 107 = 167 per cent. 

11377 X 1427 X 778 ‘ 


(13) A certain Otto Cycle gas engine uses 18 c.ft. of gas per 
I. H.P. hour. The heating value of the gas is 620 B.Th.U. 
per c.ft. The ratio of compression is 4*5. Determine the 
theoretical efficiency and the actual thermal efficiency {using 
I.H.P.). The ratio of the specific heats is 1*36. 


The ** theoretical ” efficiency of an engine on the Oito Cycle depends 
on the compression ratio (R) and the ratio ( 7 ) of the two specific heats 
of the gas : it is given by the expression : 

Theoretical efficiency = 1 - — ^ . . 

JJ7- 1 
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(а) Theoretical ejjiciency : — 

Theor. Effic. = 1 - 1=1-, i., =l--582 

R7-1 4-5^® 

= -418 = 41*8 per cent. 

(б) Actual thermal efficiency (using I.H.P.) : — 

IJ.Th.U, supplied per I.H.P. hour = 620 x 18 

Work per I.H.P. hour = 33000 x 60 ft. pounds 

H.Th.U, equivalent to this = (33000 x 60)/778 

. A 4. 1 m 1 33000 X 60 

Actual Thermal Effic. = ..tta 

778 X 620 X 18 

“ -228 = 22 8 per cent. 

1^14) Steam expands adiabatically in a turbine nozzle. The 
steam 'pressure is 200 lb. per sq. inch (gauge) and the counter 
pressure is 2‘4 lb. per sq. inch (absolute). Find the steam 
velocity. If the steam leaves the turbine with 35 per cent, of 
ds initial velocity determine the number of j^ounds of steam 
per H.P. hour. 


Ill the steam turbine, if M = weight of steam supplied per second 
(in lbs.), 1 ?! initial velocity of steam (in ft. per sec.) and v., = leaving 
velocity of steam (in ft. per sec.), then : — 

Kinetic energy available per sec. — ft. pounds. 

Kinetic energy carried away per sec. = ft. pounds. 

Energy for conversion to work per sec. = ~ (v{^ - uf) ft. pounds. 

Aiul Available H.l'. = ^ (v,-* - i\‘‘)l550. 

'Zy 

Also : — 

Erticic 1 PV - conversion to work _ _ i _ ' 2 " 

y Knergf^i'pplied iV"* 


The thermal energy supplied j)€r lb. of steam can be obtaiiu'd as 
follows ; — Take from tables the temperatures and corresponding 
to the pressure of the steam and the counter-pressure ; then 

Thermal energy supplied per lb. = (q - t^) > 

Ti and To being the absolute temperatures corresponding to ti and 
and L the latent heat at 
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For 200 lb. per sq. inch (gauge) : — Temp. = = 387‘()® F. 

Latent Heat = L = 8401. 

For 2*4 lb. per sq. in. (a\)s.) : — Temp. =<o = 133° F. 

Now the energy per lb. of steam 

= \h-Q (l + ^)-T,loge| 

= (* + 

= 285 X 778 ft. pounds. 

A gain energy supplied per lb. of steam per sec. = ft. pounds. 


1 

% 


= 285 X 778. 


.*. Vi = ^^2 X 32 x" 285 X 778, 
i.e, Vj = 3780 ft. per sec. 

Hence leaving velocity = = 3780 x = 1323 ft. per sec. 


Again work done per lb. of steam per sec. : 




ft, pounds', 


Hence if m be the mass of steam per sec. we have : — 
Work done per sec. = y 

. 3780 ^- 13232 

.*. H.P. = m = 35Gm. 

2 X 32 X 550 

Hence 35(bn H.P. means m lb. of steam per sec. 


1 H.P. means 


356w 
3600 


lb. of steam per sec. 


1 H.P. hour means - , i.e. 10 lb. of steam. 
o5o 

(15) In a test on a steam engine the boiler temperature was 
352*7° F'. and the hotwell teyiperature 70*6° F, What is the 
efficiency on the Rankine-Clausius Cycled 


Raukinedausius Cycle. There are other cycles in addition to the 
Carnot’s cycle referred to in Chapter XI. Thus we have the Stirling, 
the Ericsson, the Joule Constant Pressure and the Rankine-Clausius 
cycles. In the latter, steam is taken in at constant pressure, expanded 
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adiabatically, driven out at cunatant pressure and condensed and then 
heated u|j and evaporated. The Institution of Civil Engineers has 
chosen this as the ideal Steam Engine Cycle ; but it is, of course, not 
reversible. Tlie olficiency on this cycle is given by the expression : — 


Eifioiency = 


(T, -T„){l +^.') - T„log.^> 
L, + (Ti'- T„) ^ 


where ^ boiler temperature, T,, — feed temperature, and L, = latent 
heat at Ti. If the supcrlieat bo t the etiioioncy is given by : — 


Elliciency -= 



5^') -T„log.Ti + -4« - •48T„log.'l’H ' 
-I- ('i'l - + --tW 


From tables, L at 3527" F. = 8(55 (i. 


Using the above foi’innla : — 
K.C. Efiic. = 


p>27 - 70*0) 


fl+ 8(55-6 \ 

V ^461 + 352-7; 


— (461 +70*6) logtf 


461 + 352*7 
461 + 70-6 


865*6 + (352*7 - 70*6) 


= *312 = 31*2 per cent. 


(16) Keat Balance-Sheet for a Steam Engine. The 

following details of a simple test on a simple engine are given 
as an elementary illustration of the drawing up of a heat 
balance-sheet in an engine test. 

The duration of the test was one hour. The I.II.P. was found 
to he 30*15 and the steam pressure in the valve chest was 75 Ih. 
per sq. inch absolute. The exhaust steam weighed 800 lb. It 
was discharged at atmospheric pressure, condensed, and cooled 
to 112^' F. 16,000 lb. of condensing water were raised 45° F. in 
temqwrature. At the end of the test the slide valve was removed 
and the exhaust stopped. Steam was then turned on and the 
amount condensed in the cylinder in one hour teas 88*8 lb. 
'This may he taken as a measure of the heat lost during the test 
by radiation. 

Draw up a heat balance-sheet for the engine. 

From tables tbe total heat of 1 lb. of steam at 75 lb. 
pressure absolute =1176 B.Th.U. 

Steam supplied per minute = 800/60 = 13i lb. 
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Heat supplied per minute = 13| x 1176= 15,680 B.Th.U. , 
and heat discharged in exhaust steam per minute 

= X 45) + 135 (112 - 32) = 13,067 B.Th.U. 

Again : — Temperature corresponding to 75 lb. per sq. inch 
pressure = 307° F. and the latent heat is 901 B.Th.U. 

.*. Heat lost by radiation per minute 

X 901 = 1,334 B.Th.U, * 


Finally : — Heat converted into work per minute (using I.H.P.) 


3q;^15 X 3^00 
'“778" 


= 1,279 B.Tli.U., 


JTrnt Balanrr Sheet. 


B.Th.U.| B.Th.U. 

Heat supplied in steam Heat discharged in ex- 

per minute 15,680 haust per minute ... 13,067 J 

Heat lost by radiation 

per minute 1,334 

Heat converted into 
work per minute ... 1,279 

15,680 15,680 


Note. — Many problems in “Heat Engines ” belong to “ Mechanics ” 
rather than to “ Heat.” A few are included in Exercises XII. 


Exercises XII. 

(1) A coal contains 80 per cent, by weight of carbon, 5 of hydrogen, 
and 10 of oxygen. Calculate its heating value. Calculate approxi- 
mately the weight of air required for complete combustion of 1 lb. of 
the ccJal. What weight of air would be required in practice ? 

(2) A cylindrical boiler 8 feet in diameter is to withstand a working 
pressure of 100 lb. per square iiujh. Calculate to the nearest J inch 
the thickness of the shell, allowing a stress of 10,000 lb. per square 
inch, and neglecting the effect ot the joint. 

(3) An engine with a piston 12 inches in diameter and 18 inches 
stroke was working at 100 revolutions per minute. Indicator diagrams 
were taken with a ^ spring, and their mean heights were 1 *24 and 
1*32 inches. What “indicated horse-power” was the engine 
developing ? 
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(4) Stoam at 150 lb. per square inch (absolute) is out oflf at J stroke, 
and expands according to the law pr constant. Find the average 
pressure in the forward stroke. The bock pressure is 18 lb. per square 
inch: what is the effective pressure on the piston? The piston is 
15 inches diameter ; crank, 1 foot ; two strokes in the revolution ; 
1‘20 revolutions i)er minute ; find the work in one revolution, and the 

I. H.P. If the mechanical efficiency is 80 per cent., what is the 

II. H P. ? 


(5) The area of a petrol-engine diagram is (using the planimeter 
which subtracts and adds properly) 4*12 Sfjuare inches, and its length 
(parallel to the atmospheric lino) is .3*85 inches : what is the average 
l)readth of the figure? If 1 inch represents 70 lb. per square inch, 
what is the average prc.ssure? The piston is 3*5 inches in diameter, 
with a stroke of 4 inches. What is the work done in one cycle ? If 
there are 800 cycles per minute, what is the horse-power ? 

(6) Find the I.H.P., the ll.II.P., the Mechanical Efficiency, the 
Thermal Efficiency, and the Overall Efficiency of a gas engine used in 
driving a dynamo, the following particulars being given *. — Mean 
pressure — 100 lb. per square inch ; revolutions per minute, 160 ; 
cylinder diameter, 14 inches ; stroke, 24 inches ; calorific value of 
gas = 140 B.Tli. U. per cubic foot. Oas used per hour = 5,i)00 cubic 
feet. Electrical load = 50 kilowatts. Dynamo efficiency = 85 per 
cent. 

(7) The stroke of a double acting stoam engine is 2 feet ; cylinder 
diameter, 15 inches ; diameter of piston rod, 2 inches ; cut off, *3 of 
the stroke ; compression, *1 of the stroke ; clearance, 6 per cent, of 
the stroke. The boiler pressure is 90 lb. per square inch gauge ; 
exhaust, 8 lb. per square inch absolute ; and the revolutions 90 per 
minute. Determine the I.H.P. 

(8) In a jacket steam engine, developing 645 H.P., the cylinder feed 
was 136*5 lb. per minute, and the jacket feed 6*2 lb. Assuming all 
jacket water returned to the feed tank, find the heat supplied to the 
engine cylinder by jackets per H.P. per minute, and the thermal 
efficiency of the engine, if the feed temperature is 90^ F. and the 
steam temperature 373"* F. 


(9) A triple-expansion engine has cylinders 40', 60," and 96" in 
diameter. If the high-pressure valve cuts off at half-stroke, calculate 
the total ratio of expansion. 

The stroke of the above engine is 4*6", and the mean effective 
pressures on the three pistons during a certain trial were 59*0, 27*1, 
and 10*5 lb. per square inoh when the shaft was making 80 revolutions 
per minute. What horse-power was being developed in each cylinder ? 
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(10) An engine gives 10 indicated horse-power and 7*6 brake horse- 
power for a consumption of 230 cubic feet of coal gas per hour. The 
c.iloritio power <if the gas is 5.‘{0,0(K) foot-pounds per cubic foot. What 
are the mechanical and thermal efficiencies? 

(11) Prove that the theoretical efficiency of an engine working on 
the Otto cycle depends only on the ratio of compression adopted. In 
an engine using this cycle 16*3 cubic feet of gas are used per I.H.P. 
hour, the calorific value being 650 B.Th.U. per cubic foot. If the 
ratio of specific heats at constant pressure and at constant volume is 
1*36 and the ratio of compression is 4*5, find the actual afid theoretical 
thermal efficiencies. 

(12) What is meant by the term “ clearance ” ? Assuming that tlio 
clearance has been reduced to an equivalent length of stroke, which is 
4 feet, and taking the case where the cut-off is at J stroke, clearance 
being 3 inches, compare pressures at 3 feet stroke with the above 
clearance and assuming that there is no clearance. (Take hyperbolic 
expansion. ) 

(13) In a steam engine test the following readings were made : — 


Speed (revs, per min. ) 164 

Steam pressure in separator (352*7'^ F.) 124*6 gauge 

Mean aryness fraction *966 

Diameter of brake wheel 3 feet 

Diameter of rope J inch 

Effective resistance of brake (mean) 147*5 lb. 

I.H.P 7*7 

Steam consumption per hour 296 lb. 

Hotwell temp. 70*6’ F. 


Find the mechanical efficiency, thermal efficiency, and efficiency on 
the Rankine-Clausius Cycle. 

(14) A locomotive has two double-acting cylinders supplied by 
steam, admission pressure 150 lb. per square inch ; exhaust 18 lb. per 
square inch. The cylinder diameters are 17 inches each, and the 
stroke 26 inches, and the diameter of the driving wheel 6 feet. Find 
the tractive effort and the indicated horse-power when running at 40 
miles per hour, the cut-off being *4. 

Allow a diagram factor of *9 and a mechanical efficiency 85 per cent. 

(15) An air compressor takes 1(X) cubic feet of free air per minute 
(temp. =60“ F.) at 200 lb. gauge in two stages with intercooler 
cooling to 60“ F. Find the size of cylinders for an expansion curve 
pri*2 =s constant. Piston speed = 300 feet per min. at200r.p. minute. 
Also find H.P. required to drive compressor, taking mechanical 
efficiency = 90 per cent. Clearance volume = cylinder volume. 
One pound of air at 60“ F. and 14*7 lb. pressure has a volume of 
12*8 cubic feet. Find also the temperature at which the air would be 
delivered. 
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(16) The travel of a slide is the outside lap is J", and the lead 
is I", Find the angle of advance, and the crank positions at admis- 
sion and cut-ofF. , 


(17) If a piston with its rod weighs 250 lb. ; and if at a certain 
instant when the resultant force due to steam pressures is 3 bans the 
piston has an acceleration of 320 feet per second in the same direction, 
what is the actual force acting on the cross head ? 

(18) F lb. is the outward radial force on each ball of a governor 
required to keep it in equilibrium at the distance r feet from the axis 
when not revolving. The following are for extreme cases 


r. 

F. 

0-5 

KHll 

0*7 

144*6 


The weight of each ball being 10 lb., what is the centrifugal force 
of eaoli at n revolutions per minute, the radius being r? What are 
the speeds for the above values of r when the governor is revolving ? 

(19) Sketch the construction of a lover safety valve with balance 
weight, and state under what circumstances such a construction could 
notoe used. If tlie lover is 16 inches in length, and the centre of the 
valve seat is 4 inches from the fulcrum, while the diameter of the 
valve is 4 inches, find the weight to be placed at the end of the lever 
so that steam may blow off at a pressure of 45 lb. per square inch, the 
weight of tl\e valve and of the lever being neglected. 

(20) Sketch and describe the construction of the air-pump of a 
condensing engine. What is the use of the air-pump ? If the tem- 
perature of the injection water supplied to a jet condenser be 62’’ F., 
and the water is pumped out of the hot well at a temperature of 
106' F., and tlie steam to be condensed enters the condenser at a 
temperature of 212” F., what weight of injection water would be 
required per pound of steam condensed ? 
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TABLES. 

1.— TABLE OF PRESSURE OF AQUEOUS VAPOUR. 
(Regnaolt). 


Tempe- 

ratuie. 

C. 

FreHsure in 
mniB. of 
mercury. 

Tempe- 

lature. 

C. 

Pressure in 
mms. of 
mercury. 

Tempe- 

rature. 

C. 

• 

Pressure in 
Dims, of 
mercury. 

0 " 

4*600 

60 ° 

91*982 

120 ° 

1491*280 

5 ” 

6*534 

65 ° 

117-478 

130 ° 

20 : i 0*28 

10 ° 

9*165 

60 ° 

148-791 

140 ° 

2717*63 

15 ° 

12*699 

65 ° 

186*495 

150 ° 

3581*23 

20 ° 

17*391 

70 ° 

233 093 

160 “ 

4661*62 

22 ° 

19*669 

75 ° 

288*617 

170 ° 

6961*66 

24 ° 

22*184 

80 ° 

354*643 

180 ° 

7646*39 

26 ° 

23*550 

85 ° 

433*041 

190 ° 

9442*70 

30 ° 

31*584 

90 ° 

625*460 

200 ° 

11688*96 

36 ° 

41*827 

96 ° 

633*778 

210 ° 

14324*80 

40 ° 

54*906 

100 ° 

760*000 

220 ° 

17390*36 

46 ° 

71*391 

110 ° 

1076*370 

230 ° 

20926*40 


2.— TABLE OF PRESSURE AND VOLUME OF SATURATED STEAM. 

The following table gives the volume occupied by saturated steam 
(compared with the water from which it is produced), at the stated 
temperatures on the Centigrade scale, and pressures given in milli- 
metres of mercury : — 


Temperature. 

C. 

Pressure. 

Volume. 

Temperature. 

C. 

PresBure. 

Volume. 

70 * 76 ° 

77 * 18 ^ 

79 * 40 ° 

83 * 49 ° 

86 * 83 ° 

92 * 66 ° 

117 * 16 ° 

124 * 16 ° 

240*0 

316*7 

345*9 

406*6 

466*3 

581*2 

1361*7 

1697*7 

4920*2 

3722*6 

3438*1 

3051*0 

2623*4 

2149*5 

943*1 

759*4 

128 * 41 ° 

130 * 67 ° 

134 * 86 ° 

137 * 46 ° 

139 * 21 ° 

141 * 80 ° 

144 * 74 ° 

1936*4 

2070*8 

2342*6 

2629*8 

2655*2 

2864*6 

3106*1 

649*2 

636*3 

684*4 

616*0 

497*2 

468*3 

433*1 
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4. -TABLE OF PROPERTIES OF STEAM (CENTIGRADE UNITS). 
(For use in Problems in Applied Heat). 


• 

'reiniHM’ature. 

a 

rresHitre Iba. 
per square inch. 

Volume 
of 1 lb. 
in cubic feet . 

Total 

Heat. 

Latent 

Heat. 

• 

20 

0-.3,33 

9,36-9 

612-6 

592-6 

25 

0-452 

700-8 

614-1 

589*1 

30 

0-607 

530-7 

615-6 

.585-6 

35 

0-806 

405-9 

617-2 

.582-1 

40 

1-06 

313*6 

618-7 

.578-6 

45 

1-38 

244-6 

620-2 

576 1 

50 

1-78 

192-5 

621-7 

571-7 

55 

2-27 

152-8 

623*3 

568-2 

60 

2-88 

122-3 

624*8 

564*7 

65 

3-62 

98-7 

626-3 

661-1 

70 

4*51 

80-23 

627-8 

557-6 

75 

5-58 

65-64 

629-4 

654-1 

80 

6-86 

54-06 

630-9 

650-6 

85 

8*38 

44-81 

632*4 

547*1 

90 

10-16 

.37-36 

633*9 

54.3-0 

95 

12-26 

31*34 

635*5 

640-0 

100 

14-70 

26-43 

637-0 

5,36*5 

105 

17-53 

22-40 

6.38-5 

5.33-0 

110 

20-80 

19-08 

640-9 

5-29-4 

115 

24-54 

16-32 

641-6 

.525-8 

120 

28-83 

14-04 

643-1 

622-3 

125 

33-71 

12-12 

644-6 

618-7 

130 

39-25 

10-51 

646-1 

615*1 

135 

45-49 

9-147 

647-7 

511-6 

140 

52-52 

7*995 

649-2 

.508*0 

145 

60-40 

7*009 

650-7 

.504-4 

150 

69-21 

6-168 

652-2 

500-8 

155 

79-03 

5-446 

653-8 

497-2 

160 

89-86 

4-827 

655-3 

493*5 

165 

101-9 

4-290 

656-8 

489-9 

170 

115-1 

3-823 

658-3 

486-3 

175 

129-8 

3-419 

659-9 

482-7 

180 

145-8 

• 3*065 

661*4 

479*0 

185 

163-3 

2-756 

662*9 

475-3 

190 

182-4 

2*482 

664*4 

471-7 

195 

203-3 

2-242 

666-0 

468-0 

200 

225-9 

2*031 

667-5 

464-3 

205 

250-3 

1*843 

669-0 

460-6 
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6.-~SMITHS0NIAN table (for Hygrometry). 



Saturation Pressures in mm. of Mercury. 


4-6 3*7 

6*3 4*4 

61 5-2 

7*0 6 0 
80 70 

9-2 81 

10 - 5 9-3 

11 - 9 10-7 
13'5 12-2 
161 13 9 
17*4 15*9 
19*7 18 0 
22*2 20-4 


2'9 21 

I 3-6 2*7 

I 4-3 3-4 

61 4-2 

60 60 
70 60 

8 - 2 71 

9 - 4 8-3 

10-9 9*7 

12-6 11-2 
14-3 12*9 
16-4 14*8 
18*6 17-0 


1*3 

1 - 9 11 

2 - 6 1*8 

3-3 2-4 

41 32 

50 40 

60 50 

71 61 

8 - 4 7-3 

9 - 9 8*6 

11-5 10*2 
13-3 11-9 
15-3 13 * l 5 


1*4 

0-6 



2*2 

1*3 



30 

21 

1-2 

0-8 

4-0 

30 

20 

1*1 

50 

40 

3*0 

1-9 

6-3 

5*1 

40 

30 

7-6 

6-4 

6*2 

41 

9 T 

7*8 

66 

6*4 

10-9 

9-4 

81 

6.8 


For intermediate temperatures take proportional values. 








ANSWERS. 


Exercises I. 

• 

( 1 ) -94‘’F., -56°R.: 24*4“ C., - 30® 0., - 22® P. : 

32® F., 0® R : 10® C., 8® R. : 20® C., 16® R. : 80° C., 176® F. : 

197-6® P., 78-6® R. : - 10® C., - 8° R. : 62-5® C., 144-6® P. 

( 2 ) - 25*6®. ( 3 ) 131*3® P., 65*2“ C. 

( 4 ) 35|“ P., 37f® F., 39|® F.. 41“ P., 42^® P., 44§® P., 46|® P.,48i°F., 
50® P., 61f® P., 53|® F. {%ohole numbers on both — 41“ P., 60® P .)• 

Exercises II. 

( 1 ) *03 cm. ( 2 ) 72*2 cm. ( 4 ) 30 77® 0. ( 5 ) 124*94® C. 

(6) 100-008 cm. ( 7 ) *0012 V. ( 8 ) *000025 ; 99-85 ; 99*75. 
(9) -000007224 (nearly). 

(10) V (1 + 30. + looc'). (X») = •««««• 

( 12 ) (1 + H) j (1 - c'T). ( 13 ) 1016 grama. 

( 14 ) - •00003225. ( 18 ) [*' > ']• 

o — t) 

( 16 ) 193-87 grama. ( 1 ») 386-25'' C. (nearly). 

( 18 ) 06 inch approx. ( 18 ) I'OOIS pint, 

( 20 ) 1 C.C. of water becomes 1*105 c.c, of ice. 


Exercises III. 

( 1 ) *000017. ( 2 ) 9*04 grm. [Ca == *000158]. ( 3 ) 100® C. 

( 4 ) *000029. ( 6 ) 80 c.c. ; 81*3347; *000174 (nearly). 

( 6 ) 764*9462 mm. [C^ = *0001815]. ( 7 ) *00002783. 

( 8 ) 287-1. ( 9 ) 1-54C.C. ( 10 ) 762 4 ram. ( 11 ) 56 m 

( 12 ) -0000147. ( 13 ) 1-0543. ( 14 ) 98*6® C. 

( 16 ) 29-46 inches. ( 16 ) 10015® C. 


tl) 0-0038. 


Exercises IV. 


( 2 ) 663-77. 


( 3 ) 


( 1 ) 

(2)^. T, V. 


17 
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(4) ^ 273*68. (5) 19" C. (6) 76*23 cm. (7) 22*79 c.c. 

(8) •0841 gram. (0) d,o:d |5 = 1-00428 : 1. (10) 313° C. 

(11) 273" C. (12) 93*75 atmospheres. (13) 634 c.c. 

(14) 450*531 cub. in. (15) *3471 f^ram increase. 

(16) 195: 112. (l^') 687*7 cm. mercury. 

(18) 496*8 k.u;. and 261*8 k.g. (19) 28*586. 

(20) 163" C. roughly. 


Exercises V. 

(1) 25*89" C.; 9*12 grm. (2) 12*1579 grm. (3) *4614. 

(4) *0903 (nearly). (6) *6163. (6) 13*21" C. 

(7) 745*3" C. (8) 77*29" C. (nearly). (9) 1*005; 1*027; 1*016. 

(10) (11) sa-sa” C. (nearly). (12) 3-41. 

M (« + « ) + "i.i 

lixerciaes VI. 

(1) 95'58 pound degrees. (2) - S’C” C. (3) '0047. 

(4) 79-5(il. (B) -1108. (6) 0334. (7) '9167. 

(8) -lOOS (nearly). (9) S'CC lb. (10) 80. 

(11) 79’70.). (12) 47'5 gm. degrees. !>9‘375 grams. 

Exeroises VII. 

(1) 536-3. (2) 37-3. (3) 636-22. (4) 2,900 lb. 

(6) 72-75 grm. (6) 564-98. (7) 65 3’ C. (8) 90-34'’ C. 

(9) 966-6; 1-14. (11) 500mm. (approx.); 642,000; 10,654ft. 

(12) 96-25 approx. (13) 1,117-04 c.c. (14) 0242 c.c. 

bs) 320” 0. (16) 2,024 calories. (17) 3511” C. 

U8) 1-978 grm. (19) 0 7 grm. 

( 20 ) k = *2116 (taking the hour as unit of time) ; *8224 grm. per hour 

Exercises VIIZ. 

(1) 1*205 grm. (2) - 6*2" C. (3) 10*1" C. ; 77*1 per cent. 
(4) h — 72*76 per cent. (5) *0166 grm. 

(6) 46 per cent. ; *0079 gram. (7) 1 2*366 grams. (8) 90*6 c.c. 

(9) 358 grm. weight. (10) 68; 1*213 grm. 

(11) 23*09° C. ; *146. (12) 2*6025 litres. 
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Exercises XX. 

( 1 ) 0384. ( 2 ) 12,000,000 calories. ( 3 ) 125*28 calories. 

( 4 ) 4,312,600 calories. ( 6 ) *0672. ( 6 ) *00013. 1,800. 

( 8 ) See, worked example No. 9. ( 9 ) See worked example No. 9. 

( 10 ) 3 T 5 ; Coeff. of trans. = ( 11 ) *04 calorie. ( 12 ) *0006. 

Exercises X. 

( 1 ) *084. 

( 2 ) 29272*7 cm.-grm. (the actual figures will de}jpnd on the data 

assumed in the solution). ( 4 ) *1683 ; ‘2373. ( 5 ) 96*6. 

( 6 ) 5*7. ( 7 ) 1125*5 B.Th.U. ; 12*78 lb. (taking 15,000 for coal.) 

( 8 ) 80 per cent. ( 9 ) 17,960 B.Th.U. 

( 10 ) 16,490 B.Th.U. j 15*4 per cent. 

(11) *16® C. ; the difference *1® 0. is due to internal work. 

( 12 ) 289*83. 

Exercises XI. 

( 1 ) 1,467 ft.-pounds : 1*05 pound degree 0. units. 

( 2 ) *635 c.m. : - 109*5® C. : 4,602 kg.m. ( 3 ) *26. 

( 4 ) *21; 413*2. ( 5 ) *178. ( 6 ) 1,116. ( 7 ) 73*46:1. 

( 8 ) *28® C. ( 9 ) About *31 lb. ( 10 ) 153 atmospheres. 

( 11 ) 2*78® C. ( 12 ) 8*628 (ft.-lb. C.). ( 13 ) About 4*6 times as great. 

( 14 ) 26*6 atmospheres : 425® C.j 80,542 ft. -pds. ( 16 ) 82 per cent. 
( 16 ) About 12,300. 

Exercises XIZ. 

( 1 ) 13,925 B.Th.U. ; 10*95 lb. ; about 22 lb. ( 2 ) *5 inch. 

( 3 ) 62*6. ( 4 ) 61,420 ft.-pds; 223*4; 178*7. 

( 6 ) 1*07"; 74*9; 240*3; 5*82. ( 7 ) 121*7. 

( 8 ) 10*9B.Th.U.; 16*7 t ( 9 ) 11*52; H.P. 1618, 1.P. 1672, L.P. 1658. 
( 10 ) Mech. Eff. = 76 per cent. ; Heat Eff. (on I.H.P.) = 16*26 per 
cent.; on B.H.P. = 12*33 per cent. ( 11 ) *245; *418. 

( 12 ) 27/26 = 1*04. ( 13 ) 91 % ; 4*43 % ; 31*2 %. 

( 14 ) T.E. = 7,740 lb.; I.H.P. = 824. 

( 15 ) Cylinder diameters == 9*5", 4*75"; B.H.P. = 21*5; T = 651. 

( 16 ) 30®; -6*5®; 126®. ( 17 ) 4236. 

( 18 ) Centifrugal force *003408 n^r lb. ; 242 ; 246. 

( 19 ) 141*4 lb. ( 20 ) 24*4 lb. 


PRINTBD AT TUB BUHLINOTOH PUBSB, rOXTOU, MBAB OAUBBtDOB, BNOLAHO. 







